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Introduction

The fine details of the relationship between the electronic structure and the mag-
netic properties of matter represent a state of the art challenge in the solid state
physics. The link is evident even from a didactic approach: electrons are the ’car-
riers’ of spin magnetic moments and their movement around nucleus gives rise to
orbital momentum i.e. orbital contribution to the magnetic moments. From a more
sophisticated point of view, the information on the electronic structure turns up to
be essential for the understanding of magnetic behavior. Several comprehensive in-
stances can be mentioned. The magnitude of Pauli–type paramagnetic susceptibility
is given by the electronic density of states at the Fermi level. In transition metal
insulators the interaction between the spin–moments on 3d ions are possible through
the superexchange pathes given by the non–magnetic orbitals of the ligand atoms.
The electrons in conduction bands act as ’mediator’ of magnetic interaction between
the 4f magnetic moments in the rare–earth intermetallics: the conduction electrons
are polarized by the rare–earth moments and their states are essential for this kind
of interaction.

These are two general ways to extract information about the electronic struc-
ture: the experimental and the computational approaches. In principle one should
get access to the same aspects regardless of the nature of investigation but the col-
lected data are usually complementary. Experimental spectral features may be un-
derstood with computational aid as well as experiments have the power to resolve
the correctness of electronic structure calculations. Hence it is obvious that joint
experimental–theoretical studies are actually always desirable.

From a magnetic point of view the solids can be generally divided in two cate-
gories. The first includes the materials which do not exhibit any spontaneous magne-
tization in the absence of an external field. These are generally the diamagnets, the
materials with completely filled electronic shells and the Pauli paramagnets. The sec-
ond group is characterized by the spontaneous alignment of the magnetic moments.
These are the ferromagnets, the antiferromagnetic and ferrimagnetic materials and
so forth. All these compounds posses a common feature: they include atoms with
partially filled d or f shells.

In this thesis the joint experimental and theoretical studies on challenging mate-
rials belonging to both of the above mentioned groups are presented.

The molecule–based solids M[N(CN)2]2, where M is a transition metal, have in-
sulating properties and are intriguing examples of metal–organic compounds. Among
their interesting properties, the most attractive may be considered to be the ferro–
antiferromagnetic crossover. Although the compounds are isostructural, the com-
positions with Mn and Fe reveal an parallel alignment of the magnetic moments,
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while those with Co and Ni were shown to have antiferromagnetic properties. The
’magnetic relevant’ information on the electronic structure rely on the exchange in-
teractions orbitals interact and give rise to magnetic interaction patterns. The same
aspects were focused when investigating the ’ferric–wheel’ molecule Li ⊂ Fe6L6Cl
with L = [N(CH2CH2O)3]. In contrast to the first mentioned materials the overall
magnetic interaction does not resemble the whole solid but only the properties of a
small cluster containing six Fe(III) ions.

The choice of these materials was supported by the increasing attention received
nowadays by molecular magnets and, more generally, by metal–organic magnetic
compounds. Beside their perspective for novel applications, the electronic structure
and magnetism of these materials are a current challenge in spite of the progresses
accomplished during the recent years.

The last class of materials presented in this work are the ternary LaNi5−xMex

intermetallic compounds with Me = Cu, Al. They are derived from the well–known
LaNi5 parent compound. For these materials the focus on magnetic phenomena is
moved towards the Fermi level. Moreover the band effects play a central role when
dealing with their magnetic behavior. The selection of these materials was motivated
by the partial lack of knowledge concerning their magnetic properties and by our
expectations to support the conclusions draft on magnetism by the information on
electronic states.

X–ray photoelectron spectroscopy was employed as main experimental method.
For the study of the dicyanamide materials and of the ’ferric–wheel’ the X–ray emis-
sion spectroscopy was used due to its unique power to resolve elemental contributions
in the valence band region. Moreover the theoretical results on the electronic struc-
ture is listed and included in the final conclusions. For the intermetallic compounds
magnetic measurements as well as a complementary theoretical description of the
electronic structure are presented.

The thesis is structured as following:

• Chapter 1 introduces the reader in the details and features of the employed
experimental techniques. This part is meant to give a rather complete but
descriptive introduction to any experimentalist which is not familiarized with
this kind of measurements. The cited references account for the state of the art
development in this field and can serve as valuable further literature.

• In Chapter 2 the scientific beauty and appeal of the molecular magnetism is
underlined. This field, although not a new one, is characterized nowadays by
steady revival thanks to the recent developments. A brief historical development
and outlook are also presented.

• An example of molecule–based solid is presented in Chapter 3. The presentation
of this study focusing on transition metal dicyanamide compounds is divided
into presentation and discussion of experimental results, comparison with the-
oretical calculations of the electronic properties, discussions on the electronic
structure and the magnetic properties based on the achieved information. A
particular attention was paid to the modelling of obtained results which means
their presentation in a comprehensive simple model. This option is nowadays
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almost a request since the field of molecular magnetism is an good example
of interdisciplinary link between physics and chemistry i.e. the common lan-
guage is an essential issue. Moreover, a simple but, so far as possible, complete
model is a useful tool in the understanding of phenomena beyond the frontiers
of specific studies.

• The experimental efforts focused on the understanding of magnetic behavior of a
’ferric–wheel’ molecule are listed along with computational results in Chapter 4.
It comprises of a presentation of experimental data followed by some conclusions
gained from electronic structure calculations and finally discussions.

• In the last part (Chapter 5) the focus moves on a completely different class
of materials but the central idea remains. The experimental results on the
electronic structure are joint to the information on magnetic properties and
theoretical calculations on the electronic structure. Finally, the link between
magnetic properties and electronic structure is emphasized in the section ded-
icated to discussions. This part fully reflects the reliable output of a joint
experiment–theory study of the electronic properties and magnetic behavior.

• The main conclusions of this work are summarized in Chapter 6.
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Chapter 1

Electron spectroscopies with X–ray
excitation

The experimental methods used in this work to investigate the electronic structure
are reviewed in this chapter. The aim is to give a state of the art brief review on
the employed techniques including theoretical and practical details. The issues which
turned up to be relevant in the presented studies are emphasized.

1.1 X-ray photoelectron spectroscopy

Regarded today as a powerful surface spectroscopic technique, the photoelec-
tron spectroscopy (PES) strikes its roots over more than a century ago. In 1887
W. Hallwachs and H. Hertz discovered the external photoelectric effect [1, 2] and
in the following years refined experiments by J. J. Thomson led to the discovery
of the electron, thus elucidating the nature of photo–emitted particles [3]. In 1905
A. Einstein postulated the quantum hypothesis for electromagnetic radiation1 and
explained the systematics involved in experimental results [4]. By the early sixties
C. N. Berglund and W. E. Spiecer extended the theoretical approach and presented
the first model of photoemission [5]. In the same period a group conducted by K. Sieg-
bahn in Sweden reported substantially improvements on the energy resolution and
sensitivity of so–called β–spectrometers. They used X–rays (hν � 1500 eV) and man-
aged to improve the determination of electron binding energies in atoms. Chemical
shifts of about 1 eV became detectable [6–8]. The new technique was accordingly
named Electron Spectroscopy for Chemical Analysis2 (ESCA). The seventies marked
the full recognition of technique’s potential as a valuable tool for the surface anal-
ysis. Accurate data on the mean free path of the slow electrons were obtained and
ultra–high vacuum (UHV) instruments became commercially available. More on the
historical development of the photoelectron spectroscopy can be found in [9].

1A. Einstein was awarded with The Nobel Prize in Physics in 1921 ”for his services to Theoretical
Physics, and especially for his discovery of the law of the photoelectric effect” (see www.nobel.se for
a full description).

2K. Siegbahn was awarded with The Nobel Prize in Physics in 1981 ”for his contribution to the
development of high–resolution electron spectroscopy” (see www.nobel.se).



6 Electron spectroscopies with X–ray excitation

1.1.1 Physical principles of the technique

A PES experiment is schematically presented in Figure 1.1. Incident photons
are absorbed in a sample and their energy may be transferred to the electrons. If
the energy of photons is high enough the sample may be excited above the ionization
threshold which is accomplished by photoemission of electrons. Their kinetic energy is
measured and the initial state energy of the electron before excitation can be traced
back. Depending on the energy of incident radiation, the experimental techniques
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Figure 1.1: Schematically representation of a PES experiment.

are labelled as: Ultra–Violet Photoelectron Spectroscopy or UPS (hν < 100 eV), Soft
X–ray Photoelectron Spectroscopy or SXPS (100 eV < hν < 1000 eV) and X–ray
Photoelectron Spectroscopy or XPS (hν > 1000 eV ).

In practical XPS, the most used incident X–rays are Al Kα (1486.6 eV) and Mg
Kα (1253.6 eV). The photons have limited penetrating power in a solid on the order
of 1–10 micrometers. However the escape depth of the emitted electrons is limited to
some 50 Å. This characteristic makes XPS to an attractive surface science tool.

Accordingly to Einstein’s theory of photoemission effect and taking into account
the general case of electrons situated on different bounded levels, the kinetic energy
Ekin of the ejected electrons is given by:

Ekin = hν − EB − Φ (1.1)

with EB the binding energy of the atomic orbital from which the electron originates
and Φ the work function. The last term is a material specific parameter. The reference
of the binding energy corresponds by definition to the Fermi level for solid samples.
In case of gas phase studies zero binding energy is assigned to the vacuum level. For
conductive materials the work function is dictated by the spectrometer as illustrated
in Figure 1.2. Sample and spectrometer are connected in a close circuit so that the
Fermi energies are at the same level. The spectrometer plays the role of an electron
reservoir. Accordingly Φ must be replaced in Equation (1.1) by the work function of
the spectrometer Φspec [10]. In most of the cases, Φspec is however unknown. This
difficulty can be overcame by using a proper reference level.

In case of semiconducting and insulating samples, the assigning of the zero bind-
ing energy may be even more complicated and the calibration of zero binding energy
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Figure 1.2: Energy level diagram for a XPS experiment with a conductive sample.

is performed with reference to some known line of an element in the sample with
known valence state.

E = 0
Φ

valence band

E

core levels

Fermi level

vacuum level

νh

counts
counts

zero
binding energy

kinetic energy

binding energy

Ekin

EB

Figure 1.3: Schematic representation of energy levels in a solid (left) and the cor-
responding XPS spectra (center) having Ekin as natural abscissa. The right part
illustrates the commonly used binding energy abscissa.

The XPS spectrum illustrates the number of electrons (recorded with the de-
tector) versus their kinetic energy (measured by using the electron analyzer). For
practical purposes it is generally preferred to use the binding energy as abscissa (as
presented in Figure 1.3 after [11]). This is convenient since the kinetic energy depends
on the energy of the incident radiation and the binding energies are alone material
specific.
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1.1.1.1 Theory of photoelectron spectroscopy

A rigorous theoretical description of the photoelectron spectroscopy implies a full
quantum–mechanical approach. In this section important aspects underlying XPS are
sketched focusing on the main approximations and models.

Let us consider a system containing N electrons which is described by the wave
function Ψin(N) and the energy Ein(N). Absorption of a photon with the energy hν
causes the excitation into a final state described by Ψk

fin(N) and Ek
fin(N) [12]:

initial state

Ψin(N); Ein(N)
hν−→

final state

Ψk
fin(N); Ek

fin(N) (1.2)

where k labels the electron orbital from which the photoelectron has been removed.
The transition probability (which dictates the photocurrent intensity) obeys the
Fermi’s golden rule [13]:

w =
2π

h̄
|〈Ψin(N)|H|Ψk

fin(N)〉|2δ(Ek
fin(N) − Ein(N) − hν) (1.3)

where the δ function ensures the energy conservation during transition and H is the
interaction operator. The Equation 1.3 is satisfied when the perturbation H applied
to the system is small. The interaction operator can be written as:

H =
e

2mec
(Ap + pA) − eϕ +

e2

2mec2
AA (1.4)

Here e and me denote the electron charge and mass, c is the light speed, A and ϕ
are the vector potential operator and respectively the scalar potential of the exciting
electromagnetic field and p is the momentum operator of the electron. A simplified
form of the interaction hamiltonian can be obtained by assuming that the two–phonon
processes can be neglected (the term AA), that the electromagnetic field can be
described in the dipole approximation and choosing ϕ = 0 [14]:

H =
e

mec
A0p (1.5)

where A0 is the constant amplitude of electromagnetic wave. The dipole approxi-
mation is valid if the radiation wave–length � atomic distances, which is correct for
the visible and ultraviolet regions of the electromagnetic spectrum. Mathematically
the vector potential operator can be then written as A(r, t) = A0e

(kr−ωt). The ap-
proximation interaction hamiltonian for the structure of final state is more subtle
[14, 15].

For high energy spectroscopy it can be assumed that the outgoing electron is
emitted so fast that it is sufficiently weak coupled to the (N − 1) electron ion left
behind. This is the so–called sudden–approximation which is actually valid in the keV
region of energies. For lower energy regions its applicability has certain restrictions
[16, 17]. The final state can be split up in two configurations:

initial state

Ψin(N); Ein(N)
hν−→

final state ion

Ψk
fin(N − 1); Ek

fin(N − 1) +
photoelectron

ξk(1); Ek
kin (1.6)
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where ξk(1) is the wave function of the photoelectron.
The energy conservation during photoemission simply yields:

Ein(N) + hν = Ek
fin(N − 1) + Ek

kin + Φ (1.7)

Here Φ is the work function. According to equation (1.1) the binding energy with
respect to the Fermi level may be defined as:

Ek
B = Ek

fin(N − 1) − Ein(N) (1.8)

Koopmans assumed that the above binding energy difference can be calculated
from Hartree–Fock wave functions for the initial as well as for the final state [18].
The binding energy is then given by the negative one–electron energy of the orbital
from which the electron has been expelled by the photoemission process:

Ek
B � −εk (1.9)

This approach assumes that the remaining orbitals are the same in the final state as
they were in the initial state (frozen–orbital approximation) and leaves out the fact
that after the ejection of an electron the orbitals will readjust to the new situation
in order to minimize the total energy. This is the intra–atomic relaxation. In fact
the relaxation also has an extra-atomic part connected with the charge flow from the
crystal to the ion where the hole was created. Therefore the binding energy is more
accurately written as:

Ek
B � −εk − δεrelax (1.10)

where δεrelax is a positive relaxation correction. A even more rigorous analysis
must take into account relativistic and correlation effects which are neglected in the
Hartree–Fock scheme. Usually both increase the electron binding energy.

1.1.1.2 Photoelectron spectroscopy models

Three–step model In frame of this model the complicated photoelectron process
is broken up into three independent events [5]:

(I) absorption of a photon and photo–excitation of an electron as described above;
(II) transport of the electron to the surface;
Some of the photoelectrons reach the surface of the solid after suffering scattering

processes, the dominant scattering mechanism being the electron–electron interaction.
For low energies electron–phonon interaction dominates [19]. One of the most impor-
tant parameter which describes these processes is the inelastic mean free path λ. It is
defined as the mean distance between two successive inelastic impacts of the electron
on its way through the crystal. Assuming that the mean free path λ is isotropic,
several calculation were performed and an universal dependence curve of the mean
free path was drawn [19–21].

More recent results based on Bethe’s equation [22] came up with [23]:

λ(E) =
E

E2
plasβln(γE)

(1.11)
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where λ will be deduced in (Å), E is the electron energy given in (eV ), β and γ
are parameters. Eplas is the plasmon energy of the free electron gas in (eV ) and

it can be calculated with Eplas = 28.8
√

Nνρ/M where Nν is the number of valence
electrons per molecule, ρ is the density and M is the molecular mass. An extended
approach based on a modified Bethe equation delivers even better results [24–29]. For
practical purposes the reduced formula λ ∝ Ep, where p ranges from 0.6 to 0.8, can
be used since it delivers reasonable results of the mean free path for electron energies
in 100–1000 eV range [30].

(III) escape of the electron into vacuum;
The escaping electrons are those for which the component of the kinetic energy

normal to the surface is enough to overcome the surface potential barrier. The other
electrons are totally reflected back.

One–step model Apart from its didactic simplicity, the three–step model fails to
offer a practical computational tool for the simulation of photoelectron lines. State
of the art is the employing of one–step theoretical approaches in which the whole
photoelectron process is regarded as a single one. The first of this kind was a com-
pact and mathematically elegant solution to the previous three-step model [31] but
was followed by fully dynamical [32] and relativistic one–step theories [14]. When
specific crystal potentials are given as input data one–step models deliver theoretical
simulations of the XPS spectra [33].

1.1.2 Data analysis

The recording of a wide scan is generally the first step in the sample characteriza-
tion. The survey spectrum allows to identify the chemical components in the sample
and to define acquisition windows. The lines of interest are afterwards recorded with
higher resolution. An XPS spectra can be divided into:
–primary spectrum: given by electrons which leave the solid without inelastic scat-
tering processes, and
–secondary spectrum or background: arising from photo–electrons which have already
lost a percentage of their kinetic energy through inelastic scattering processes on the
way to the surface.

1.1.2.1 Valence band region

Depending on the size of energy gap between valence and conduction band, solids
are characterized at zero temperature as insulators and conductors [34]. XPS mea-
sures transitions between occupied (bounded) and empty (non–bounded) states. With
valence band (VB) are denoted the occupied states within 0–20 eV binding energy.
These states are of well–known importance for the properties of solids. In principle,
it should be possible to determine the band structure of the solid via direct transi-
tions (i.e. these occur without participation of other excitations). However, this is
not generally the case. Still XPS is a very powerful tool in proving more knowledge
about the occupied states in the valence band region.
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The valence band spectrum resembles the one–electron density of states curve,
but due to certain facts they are not identical: the spectrum represents the DOS
distribution in an excited state, several screenings of the created hole (many–body
effects), emission of electrons with different quantum numbers (i.e. different sub-shell
cross–sections) or from different atomic species (i.e. different atomic cross–sections)
as well as the instrumental broadening being responsible for further modifications.

One way to interpret the XPS VB spectra is the comparison with theoretical
calculations of the densities of states (DOS). The recorded spectra can be simulated
when such calculations are available and thus the contribution of each sub–shell can be
described. Another alternative is to employ different excitations energies. The relative
intensities of the various valence electrons peaks can drastically change when varying
the energy of the used radiation because the relative photo–ionization cross sections
change versus the incident photon energy. For example, by comparing the UPS and
XPS valence band spectra of a MxO oxide, one can get information about the partial
contributions of the metal and oxygen states in the valence band. Another modern
alternative is the interpretation of XPS VB in connection with other spectroscopic
techniques like X–ray emission spectroscopy. In such joint VB studies certain features
of the spectra can be directly assigned to the elemental components.

1.1.2.2 Core–level lines

Photoelectrons, which originate from core levels, give rise to the most intensive
lines in the XPS spectra. The position of the core–level lines is like a fingerprint
for each element and thus the chemical identification of the components in the in-
vestigated specimen can be easily performed. Generally two or more elements will
be detected on the surface. The relative intensities of their lines is governed by:
occupancy of the sub–shell, stoichiometry, atomic cross–section σ.

The values of σ can be derived from X–ray mass absorption coefficients or can
be directly calculated [35–37]. The data used in this work were taken from reference
[38]. Since the occupancy of the atomic sub–shells is known, XPS can be used as a
non–destructive chemical analysis tool.

FWHM

In
te

ns
ity

Binding energy

Figure 1.4: Illustration of a core–level line.

The peak width, defined as the full width at half maximum intensity (FWHM)
(as represented in Figure 1.4), is a convolution of three distinct contributions [39]:
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the natural inherent width of the core–level γn, the width of the photon source γp

and the analyzer resolution γa. Thus the overall FWHM will be given by:

γ =
√

γ2
n + γ2

p + γ2
a (1.12)

The first contribution is dictated via uncertainty principle ∆E∆t ≥ h̄ by the
core–hole lifetimes τ :

γn =
h

τ
(1.13)

where h is the Planck constant. The lifetimes depend on the relaxation processes
which follow the photoemission. The narrowest core–levels have lifetimes in the range
10−14 − 10−15 s whilst the broader have lifetimes close or slightly less than 10−15 s.

1.1.2.3 Chemical shifts

Shifts in the binding energy of peaks following changes of the chemical environ-
ment of the same atom are classified as chemical shifts. For example, there is a change
in the binding energy of the Li 1s lines recorded for Li metal and LiO2 (after [11]). In
metal there is a screening of the 1s level given by the 2s conduction electrons (delocal-
ized wave functions). Thus 1s electrons ’feel’ in metal a somewhat weaker Couloumb
interaction with the nucleus than that in oxide. Consequently the 1s electrons in
LiO2 are more bounded than in Li metal (see Figure 1.5).

Chemical
   shift

Li metalLiO
2

In
te

ns
ity

Binding energy

Figure 1.5: Qualitative representation of Li 1s line in LiO2 and Li metal.

Since the value of chemical shift reaches the order of a few eV the oxidation state
of each atom can be in principle traced back.

The value and direction of chemical shifts can be described using the so–called
charge–potential model [40, 41]. The interactions between an inner electron on one
atom, the nucleus and core electrons are considered as between point charges. The
chemical shift relative to a reference state due to interaction with atoms within the
first neighborhood ∆EI is given by:

∆EI � l + kiqA +
∑
B �=A

qB

RAB

(1.14)
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where ki is a constant equal to the Coulumb repulsion integral between a core shell i
and valence electrons, qA is the charge of atom A and l is a constant determined by
the reference level. k and l are regarded as adjustable parameters. The final term∑

B �=A
qB

RAB
also called Madelung–potential sums the potential at atom A due to the

surrounding atoms B. Besides its simplicity, the major advantage of the potential
model is the possibility to use it to obtain atomic charges.

These considerations leave out the many–body effects i.e. relaxation effects. They
are valid only when regarding the initial state3. The recorded chemical shift actually
reflects the final state relaxation events [42]:

∆E � ∆EI − ∆ER (1.15)

where ∆ER is a relaxation shift. Its value can be neglected under certain circum-
stances. In fact the above formulas are rather used to understand the chemical shift
than to drop conclusions with respect to the valence state and chemical surrounding
of atoms in a solid. This information is extracted by comparing the measurements
with reference spectra which can be found in literature, even the efforts concerning a
deeper theoretical description of the chemical shift have not been abandoned [43].

1.1.2.4 Spin–orbit coupling

In terms of a j − j coupling scheme between angular and spin moments in an
atom, for each orbital with nonzero angular quantum number l (l > 0), two energy
levels are possible for electrons: the first with total quantum number j = l + s and
the second with j = l − s (where s is the spin quantum number).

j = 1/2

j = 3/2

In
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ity

Binding energy

p core-level line (l = 1)

    SO
splitting

Figure 1.6: Schematically drawing of the spin–orbit (SO) splitting.

This spin–orbit splitting is present in XPS spectra, two peaks being observable,
each for one j value (see Figure (1.16)). Taking into account that for a given j value
there are (2j + 1) allowed states for electrons and that s = 1/2, the ratio of relative
intensities can be easily calculated:

Ij=l−s

Ij=l+s

=
2(l − 1

2
) + 1

2(l + 1
2
) + 1

=
l

l + 1
(1.16)

3This is the reason for the use of I in equation (1.14)
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High–resolution core–level spectroscopy studies show small deviations from this
branching–ratio due to different cross sections for the j = l + s and j = l − s lines
and photo–diffraction effects.

1.1.2.5 Satellites

In the photoemission process the photon kicks out one electron so quickly that
the remaining electrons do not have time to readjust. Thus the (N − 1) electron
system is left in a non–relaxed state Ψfin. This excited state has a certain overlap
with the stationary states Ψn and according to the sudden approximation we obtain
the probabilities < Ψn | Ψfin > to end up in Ψn states [44]. This means that the XPS
spectrum consists from the main line (corresponding to the lowest excited state) and
a number of extra lines (so–called satellites) representing the higher excited states
after photoemission, as represented in Figure 1.7.

Satellites

Main
 line

In
te

ns
ity

Binding energy

Figure 1.7: Illustration of a line with satellites.

In principle, there are two sources of satellites: an extrinsic part due to the
extra–atomic events and an intrinsic part due to the intra–atomic relaxations.

For insulating compounds a reorganization of electronic structure in form of a
charge transfer occurs after the creation of a core hole [45–50]. The corresponding
features in the spectra are denoted as charge transfer satellites. They belong to the
extrinsic category mentioned above.

The mechanism responsible for charge transfer in the final state is schematically
represented in Figure (1.8) in case of a transition metal oxide and in terms of a
molecular orbital description (after [51]). Due to the creation of a 3s core level hole,
the Couloumb interaction pushes down the valence states in order to screen the hole.
An electron will be transferred from ligand to metal valence states and thus the total
energy of the (N − 1) electron system will be minimized. The donor ligand shell is
2p of O2− in case of NiO or 3p of Cl− for CuCl2. The charge transfer will be then
written as:

3s23dnL −→ 3s13dn+1L (1.17)

where n denotes the number of electrons in the 3d sub–shell, L is the ligand and by
L is represented the loss of one electron on the ligand valence sub-shell.

In the particular case of the Cu 2p spectra of cooper dihalides, four lines are
present in the spectra, namely: 2p3/23d10L, 2p3/23d9L, 2p1/23d10L, 2p1/23d9L. Each
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ligand transition metal transition metalligand

ground state final state

O 2p

O 2p

4 s−p
4 s−p

M 3d
M 3d

L (n) electrons (n+1) electronsL

Fermi level

3s 3s

Figure 1.8: Charge transfer relaxation process in a transition metal oxide.

corresponds to a distinct final state of the (N − 1) electron system.
In the case of conducting samples the relaxation leads to quantified excitations

in the conduction electron system, namely to creation of plasmons. Accordingly, the
extrinsic features are denoted as plasmon satellites.

The reorganization of electronic structure after the creation of a core hole could
also lead to a excess of energy which is not available to the primarily excited pho-
toelectron. Thus two–electron processes can occur in case of conducting samples.
The corresponding structures in the spectra are denoted as shake satellites. The hole
appears to increase the nuclear charge and this perturbation is the cause of valence
electrons reorganization. It may involve the excitation of one of them to a higher en-
ergy level. If an electron is excited to a higher bounded state then the corresponding
satellite is called shake–up satellite. If the excitation occurs into free continuum states,
leaving a double ionized atom with holes both in the core level and valence shell, the
effect is denoted as a shake-off satellite from [52]). Discrete shake-off satellites are
rarely discerned in the solid [39].

1.1.2.6 Core–level line shapes

In Equation 1.13 it was assumed that all the contributions to the final line are
of the same shape i.e. they are described by the same function. This is actually not
the case. The contributions due to photon source and analyzer are symmetric with
respect to the maxima and can be relatively good described by a gaussian function:

fG(ε) = exp

(
−ln2

4ε2

γ2
i

)
(1.18)

where ε = E−E0 is the distance relative to the maxima of the curve and γ2
i = γ2

p +γ2
a

is the FWHM due to experimental setup.
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The intrinsic part of the XPS peak due to the core–level life time is described by
a Lorentz function:

fL(ε) =

(
1 +

4ε2

γ2
n

)−1

(1.19)

The overall line shape of core lines are obtained by convoluting the above two
functions in a resulting so–called Voigt profile:

f(ε) = fL ⊗ fG =

∫ +∞

−∞
fL(ε′)fG(ε − ε′)dε′ (1.20)

Lorentzian
line-shape

DS line-shape
  (α =0.2)
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Figure 1.9: Comparison between a Doniach–Šunjić line shape and a Lorentz line
shape. The shift of the maxima was artificially increased in order to point out its
existence.

In case of conductive samples the intrinsic part of the XPS line is however more
complicated than given in Equation 1.19. On the base of Mahan’s hypothesis [53]
and using calculations first carried out by Nozières and De Dominicis [54], Doniach
and Šunjić [55] have shown that in metals the core level lines have a characteristic
asymmetrical shape.

fDS(ε, α) =
Γ(1 − α)

(ε2 + (γn/2)2)(1−α)/2
cos

{
πα

2
+ (1 − α) arctan

(
2ε

γn

)}
(1.21)

where Γ is the gamma function, Γ(z) =
∫ ∞

0
tz−1e−tdt, and α is an asymmetry param-

eter (see Figure 1.9). Its values can range between 0.1 and about 0.25 [56]. Hence
for conducting samples fL(ε) must be replaced in Equation 1.20 by fDS(ε, α). It is
also worth to notice that in case of non–conducting samples the asymmetry factor
is equal to zero and fDS(ε, 0) = fL(ε). The asymmetry of the intrinsic XPS lines of
conducting samples can be explained by taking into account the nonzero density of
states at Fermi level.

1.1.2.7 3s multiplet splitting

The multiplet splitting of the 3s line for 3d transition metals with a local magnetic
moment (i.e. unpaired electrons in the valence levels) was first observed about three
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decades ago [57–60]. In the simplest model this splitting originates from the intra–
atomic exchange coupling between the photo–hole and the unpaired 3d electrons in
the final state of the system. As an example let us consider the case of the 3s level
in a Mn2+ ion. Accordingly to Hund’s rule for the ground state, the five 3d electrons
are all unpaired and with parallel spins. A further unpaired electron is present on
the core–level after ejection of a 3s electron. If the spin of this electron is parallel
to that of the 3d electrons (high–spin final state HS with total spin S + 1

2
) then

exchange interaction will result in a lower energy than for the case of anti-parallel
spin configuration (low–spin final state LS, total spin S − 1

2
). The core–level line will

be a doublet as illustrated in Figure 1.10.
According to Van Vleck ’s theorem [61] the magnitude of the splitting ∆E will

reflect the net spin in the valence band:

∆E =
1

2l + 1
(2S + 1)G2(3s, 3d) (1.22)

with G2(3s, 3d) the 3s − 3d Slater exchange integral and l = 2 the orbital quantum
number. The intensity ratio for the two peaks is proportional in this model to the
ratio of the angular momentum multiplicity:

I(S + 1
2
)

I(S − 1
2
)

=
2(S + 1

2
) + 1

2(S − 1
2
) + 1

=
S + 1

S
(1.23)

∆E

S = 5/2
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Figure 1.10: Illustration of a 3s multiplet splitting.

Even the above formulas suggests an ”easy” diagnostic tool for local magnetic mo-
ments [62, 63], for 3d transition metal compounds the predicted separation4 between
the HS–LS doublet was found to be about two times larger than the observed one.
An extensive collection of data on Fe 3s splitting revealed that for iron compounds
the splitting and intensity ratio also do not directly reflect the local magnetic moment
[64]. This findings revealed another key factor: near–degeneracy of the 3s13p63dn and
3s23p43dn+1 configurations induces significant modification to the final states [65, 66].
This intra-atomic effect accounts for a reduction of the splitting by about a factor

4The calculations employed Hartree–Fock theory and were based on the one–electron
approximation.
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of two over the value given by exchange coupling only and mainly influences the low
spin final states.

The above scheme works fine for transition metal ions with less than 6 d–electrons
(like Mn2+) but fails to describe the late transition metal compounds. This obser-
vation was explained by including an inter–atomic effect: the photo–hole is screened
in the final state and a ligand to metal ion charge–transfer must be accounted.
The exchange interaction is determined in a 3s13dn+1 configuration rather than in
the expected 3s13dn [67]. To what extend the screening effects should be regarded
when interpreting a 3s multiplet splitting was the central point of several studies [68–
72]. It was proposed that the 3s splitting reflect the local magnetic moment in the
ground state only when charge–transfer satellites in the 2p core–level spectra is neg-
ligible. Spin–resolved photoemission studies allowed a better view on the magnitude
of exchange–interaction effects [73–77]. State of the art in the theoretical treatment
of the 3s multiplet splitting is the resolving of the proper Anderson hamiltonian in
the impurity approximation [78, 79].

Nowadays there is a general agreement that three mechanisms govern the primary
contribution to the 3s multiplet splitting in transition metals and their compounds:

Atomic effects (intra–atomic mechanisms):

1. Magnetic exchange splitting between the 3s and 3d shells

– Its contribution is given by Equations (1.22) and (1.23).

2. Configuration interaction (near–degeneracy) of the 3s13p63dn and 3s23p43dn+1

final states configurations

– It reduces the HS–LS splitting by about a factor of 2 over the value given by
Equations (1.22).

– It mainly influences the low–spin states.

– It accounts for the presence of the spectra structures at 20–30 eV towards the higher
binding energy.

Solid–state effects (inter–atomic mechanisms):

3. Charge–transfer effects between the 3d metal ion and the ligand atom 3s13dn →
3s13dn+1L (where L represents a hole on the ligand)

– It is accounted by introducing a corresponding number of charge–transfer configura-
tions both in the initial and the final state of the photoemission process. For example,
the ground state will be written as a contribution from |3s2dn〉 and |3s2dn+1L〉 states
while the final state is given from both |3s1dn〉 and |3s1dn+1L〉 states. With increasing
atomic number of the 3d ion or decreasing electronegativity of the ligand, the energy
requested for the 3dn → 3dn+1L electron transfer becomes smaller and this mecha-
nism becomes more likely. In case of simple metal oxides, the charge transfer effects
are dominating the NiO spectra whereas for MnO the screening effects are reduced
by a relative high energy requested to overcome the charge transfer barrier. FeO and
CoO represent intermediate cases where the interplay between exchange interaction
and screening effects must be accounted.

The interpretation of 3s core–level spectra should be consistent with that of the
2p spectra. The 3s splitting is still a good measure of the local moment of the ground
state only when the charge–transfer satellite in the 2p core level spectra is small.
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1.1.2.8 Secondary spectra (background)

As previously mentioned, only the photoelectrons which travel to the surface
without suffering inelastic scattering processes ’carry’ direct information on the elec-
tronic structure. The others give rise to plasmon satellites (see previous section) or
generate the background. In order to deliver quantitative information from the XPS
spectra, the background subtraction must be performed. By all means, this is not a
trivial problem. Shirley was the first to deal with this problem and he proposed a
practical model [80]. However its results are in most of the cases unsatisfactory.

In a series of papers Tougaard et al. concentrated on this issue [81–86]. It was
shown that for homogenous solids the proper photoelectron spectra F (E) could be
obtained from the measured spectra j(E) by using:

F (E) = j(E) − λ(E)

∞∫
E

K(E,E ′ − E)j(E ′)dE ′ (1.24)

where K(E,E ′−E) is a loss function which describes the probability of losing energy
T = E ′−E during a mean free path travel for an electron with energy E. Obviously,
the second term in Eq. (1.24) gives the background correction. A universal loss
function λ(E)K(E, T ) which should describe all pure materials was proposed:

λ(E)K(E, T ) =
B(T )

[C + T 2]2
(1.25)

where B and C are two constants. By comparison with experimental data, it was
shown that the background correction for pure Ag, Au and Cu can be described using
the following values: B = 2866 eV2 and C = 1643 eV2. In the case of alloys this
universal loss function delivers a general good fit with experiment. Further validity
test however indicated that from a rigorous point of view Tougaard’s function must
be regarded only as a good and improvable approximation [87–89]. The accuracy of
the delivered results is however sufficient for the most of XPS spectra.

An accurate background can be obtained only from EELS (Electron Energy Loss
Spectroscopy) experiments. In an EELS experiment electrons with kinetic energy E0

are sent on the sample. A certain part of them will be reflected but the rest enter
the surface and interact with the solid. Due to scattering processes the electrons lose
energy E0 and leave the solid with the kinetic energy ES = E0 − EL. The outgo-
ing electrons are energy resolved recorded [90]. In other words such an experiment
simulates the kinetic energy loss of the XPS electrons.
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1.1.2.9 Auger lines

After photo–emission the core hole will be filled with an electron decaying from
a higher occupied level. This recovery of the atom from a higher energy state may be
accomplished by the photo–ejection of another electron (see Figure 1.11). This two–
electron process takes place on a 10−14 seconds time scala and is known as an Auger
process [91]. The kinetic energy of Auger electrons is independent from the energy of
incident radiation in the first photo–emission process, being only dependent on the
internal de–excitation of the atom. For this reason an Auger process is denoted like:
(XYZ) where X labels the core–hole shell, Y stands for shell from which the electron
decay starts and Z indicates the shell from where the Auger electron is emitted. With
this convention the Auger process presented in Figure 1.11 is labelled as KLILIII and
the kinetic energy of Auger electrons is approximatively given by :

E(KLILIII)kin � E(K) − E(LI) − E(LIII) − Φ (1.26)

In Equation (1.26) the changes suffered by all atomic levels after the creation of the
first K hole as well as various succeeding relaxation effects were ignored.
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Figure 1.11: Example of an Auger process. The central and right part represent in
fact a single process.

The Auger electrons are also detected and distinct lines are in the spectrum.
The positions of these lines are catalogued along with the photoelectron peaks. One
can discern on the nature of a Auger line by performing XPS measurements with
two different incident radiation energies: hν1 and hν2. Since the binding abscissa
is deduced by including the energy of incident radiation (see Eq. 1.1) the Auger
lines will appear in the two XPS spectra at binding energy which will differ with
| hν1 − hν2 |. The XPS lines will appear at the same binding energies independent of
the energy of incident radiation
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1.1.3 Instrumentation

All XPS experiments presented in this work were performed using a commercially
available spectrometer PHI Model 5600 Multi–Technique System produced by the
Perkin Elmer Corporation. Regarding the functional roles of its components the
spectrometer is built up from: main and preparation chamber, ’quick–entry’ system,
electronic control units and a control computer. The measurements run in the main
chamber, schematically represented in Figure 1.12, which is more or less just a more
sophisticated version of Figure 1.1. The principal features of the main chamber
components are listed and discussed.

X−rays
mono X−rays

Al/Mn anodes ion gun

electron gun

sample

monochromator analyzer
hemisferical

Al X−ray anode

multi−channel detector

electronic lens

Figure 1.12: Scheme of the XPS spectrometer.

Vacuum conditions Ultra–high vacuum (UHV) conditions are requested when
performing XPS measurements so that all components of the main chamber are kept
under UHV during experiments. There are two important reasons to do so. The
photoelectrons must reach the analyzer without being scattered by gas molecules and
this is accomplished when the basic vacuum lies in the 10−5−10−5 torr range. However
under such a pressure the surface of the sample is quickly contaminated. Since XPS
is very surface sensitive a base pressure of about 10−10 torr must be ensured in order
to be able to perform measurements over several hours without taking care of the
surface contamination. UHV conditions are reached by employing a combination
of appropriate vacuum pumps: turbomolecular, sputter and sublimation pumps. In
order to accelerate the rate at which gas molecules resident on the inner walls leave
the main chamber the temperature of the whole system must be once increased to
about 150◦C − 150◦C for several hours. This is the so–called back–out procedure.
During the recording of the spectra presented in this work the base pressure in the
main chamber was maintained in 5 × 10−9 − 1 × 10−10 torr region.

X–ray sources X–rays are produced by bombardment of an anode at high positive
potential with electrons from a hot filament at earth potential (Bremsstrahlung).
The spectrometer is equipped with Al anode for measurements with monochromatic
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radiation and a dual Al/Mg anode. The characteristic energy of the anodes and their
half–widths are: 1486.6 eV and 0.85 eV for Al Kα radiation as well as 1253.6 eV and
0.7 eV for Mg Kα radiation5. The dual Al/Mg anode is positioned in ’magic angle’ of
54.7◦ to the analyzer. For this value the so-called ’orbital angular symmetry factor’
L = 1 + β(3 sin2 θ/2 − 1)/2, where β is a constant for a given sub–shell and X–ray
photon and θ is the source–sample–analyzer angle, becomes equal to 1. It should be
mentioned that L enters the final expression of line’s intensity.

Monochromator The Al Kα characteristic radiation is filtered through a mono–
chromator. Its function is based on the well–known Bragg diffraction relation: nλ =
2d sin θ with λ the wavelength of X–rays, d the crystal spacing, θ the Bragg angle and
n is the diffraction order. An accurate quartz crystal is used since for the first order
diffraction of Al Kα radiation (λ = 8.34 Å) and d = 4.255 Å spacing of the (100)
planes, the Bragg relation issues a convenient 23◦ Al anode–crystal–sample angle. The
source, monochromator crystal and sample are placed on a 0.5 m Rowland circle. The
monocromator reduces to about 0.3 eV the half–width and eliminates the satellites
of characteristic Al Kα radiation, focalizes the radiation to a spot of 0.9 mm on
the sample due to its toroidal shape, improves the signal–to–background ratio but
reduces the intensity due to power dissipated in the diffraction. All the XPS spectra
listed in this work were recorded using monochromatic radiation from an Al anode
with 12 kV accelerating potential and 250 W power in the working regime. The
crystal–sample–analyzer angle is fixed to 90◦.

Analyzer The kinetic energy of the photo–electrons is filtered using an 11 inches
hemispherical condenser. It consists of two concentrically assembled hemispheres of
inner radii R1 and outer radii R2, a deflecting potential -V being applied between the
two (see Figure 1.13). The median equipotential surface is ideally a hemisphere of
radius R0 = (R1+R2)/2 and the entrance and exit slits are centered on it. The photo–
electrons are first focalized with an electronic lens system and enter then the analyzer
through an entrance slit w which can be set to 4, 2, 0.5 or 0.15 mm. Additionally, in
order to ensure a constant absolute resolution over the whole energy range, the kinetic
energies are usually retarded to a given pass–energy Ep [92]. It must be mentioned
that a low pass–energy implies both a improvement of the resolving power as well
as a reduction of the source volume i.e. a lower overall intensity of the XPS signal.
When recording XPS spectra the ”constant analyzer transmission” (CAT) mode is
used, which means that only electrons with the energy Ep ± ∆E may travel in the
analyzer (with ∆E is denoted the absolute energy resolution). The relative resolution
of analyzer is then given by the approximate expression [92]:

∆E

E0

=
w

2R0

+
α2

4
(1.27)

where E0 is the kinetic energy of the peak position and α is the entrance angle (see
Figure 1.13). Since it is desirable to work with large entrance angles it is used to

5Kα indicates that the radiation is due to the decay of an L electron in a hole situated on the K
shell.
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choose α in such a way that α2 ≈ w/2R0 and Eq. 1.28 becomes:

∆E

E0

≈ 0.63
w

R0

(1.28)

R1 R2

R0

−1/2 V

+1/2 V

α

w

Figure 1.13: Scheme of the Concentric Hemispherical Analyzer (CHA).

For a R0 = 11 inches analyzer and a w = 2 mm entrance slit, the absolute
resolution of the analyzer is about 0.45% of the pass energy since in the CAT mode
E0 corresponds to the pass–energy.

For the detection of the electrons a multi channel detector with 16 channel plates
is employed.

Ion gun When sputter–etching of the samples is desired, a ion gun with argon
can be used. The ions can be accelerated to 4.5 kV maximal potential with a 3 µA
available ion–current over a 10 mm × 10 mm scannable surface and a 100 µm focus.
However due to the know–how available in our group, the sputtering was not used.
The reason for this is the fact that even low accelerating potentials may induce drastic
changes in surface geometry and/or stoichiometry [93].

Electron gun The spectrometer can be used to perform EELS measurements and
is thus equipped with an electron gun. Its features are: 50 V – 10 kV accelerating
potential at a 5–8 nA sample current and 0.25 eV half–width of the signal. The
electron gun was not used in this work.

Neutralizer In case of insulating samples, superficial local charges can occur on
the surface, leading to a serious perturbation of the measurement. To prevent this, a
low–energy electron gun can be used to compensate the charging. The accelerating
potential can be chosen between 0 and 10 V at a maximal current of 25 µA. The
use of neutralizer is not at all trivial, both stable and low–width lines being aimed
[94, 95].

As previously mentioned the spectrometer is also equipped with a preparation
chamber. Its roles are to allow the introduction of the sample from normal atmo-
spheric pressure in the main chamber, to cleave the solid samples in order to obtain
non–contaminated surfaces, to prepare the samples by heat and/or gas atmospheres.
In frame of this work the preparation chamber was used to cleave the samples in
high–vacuum conditions, usually around 7 · 10−8 torr. After cleaving the samples
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were immediately moved into the main chamber. A quick–entry system is also avail-
able allowing a rapid, convenient and direct introduction of samples into the main
chamber.

1.1.4 Quantitative analysis

Calculation of XPS intensities is based on the fact that the cross–sections of
a core–level are independent with respect to the valence state of the element. By
taking into account a spectrometer with a small entrance aperture and a uniformly
illuminated sample [10], the intensity of the XPS line is given by:

I(E) = σNλ(E) cos(φ)JL(θ)︸ ︷︷ ︸
sample+geometry

H(E)D(E)T (E)︸ ︷︷ ︸
analyzer

(1.29)

In Equation 1.29 σ is the cross–section of the level as already discussed in sec-
tion 1.1.2.2 and λ(E) is the escape-depth of photo–electrons as mentioned in section
1.1.1.1; J is the flux of primary photons on the surface and N is the density of atoms
in the sample. φ denotes the angle between the surface normal and the direction of
electron detection and θ is the source–sample–analyzer angle. L(θ) is the so–called
orbital angular symmetry factor and is given by: L(θ) = 1+β(3 sin2 θ/2−1)/2, where
β is a constant for a given sub–shell and X–ray photon.

This first part due to geometry of spectrometer and sample may intuitive be
understood like: photons with a J flux illuminate the sample; the depth resolution in
the sample is given by λ(E) cos(φ), important being also the number of atoms in the
detection volume (invoked by the density of atoms N) and their ionization probability
σ.

The last three factors in Equation 1.29, usually denoted as the response function,
are dictated by the analyzer. For modern spectrometers the factor describing the
influence of analyzer fields on the number of registered electrons H(E) has been more
or less eliminated. D(E) denotes the detector efficiency or ratio between the electrons
exiting the analyzer and counts recorded by computer; it is in fact the response of the
electron multiplier and channel plate detector. T (E) is the spectrometer transmission
function. Its values are specific for each machine and usually belong to the ”producer
secrets” i.e. it is not made public. Just a few years ago at the National Physical
Laboratory in United Kingdom a ”metrology spectrometer” was developed allowing
determination of response function by employing true specific reference spectra [96].

It is a normal procedure to eliminate the proportionalities in Eq. 1.29 by refer-
encing all the quantification on a relative basis i.e. by choosing one particular peak
and referring all the measurements to it. For the core–level line of an element A and
the reference line of element X recorded under similar conditions:

I(EA)

I(EX)
=

σ(hν,A)NAλ(EA)L(θ, A)T (EA)

σ(hν,X)NXλ(EX)L(θ,X)T (EX)
(1.30)

with D(EA)/D(EX) = 1 since the lines are supposed to have been recorded in CAT
mode i.e. constant pass–energy. Usually fluorine 1s line is used as reference. Eq. 1.30
may be rewritten as:

I(EA)

I(EX)
=

sA

sX

NA

NX

(1.31)



1.2 X-ray absorption/emission spectroscopy 25

where sA and sX are the sensitivity factors for elements A and X. The software de-
livered with the spectrometer already contains experimental sensitivity factors which
allow the user the calculations of atomic concentrations [97]. However one should
be careful when using experimental sensitivity factors since they do not include the
dependence of experimental factors like entrance slit or pass energy.

1.2 X-ray absorption/emission spectroscopy

1.2.1 Physical principles

A deeper insight of the electronic structure can be achieved by employing ab-
sorbtion and/or emission spectroscopies. Depending on their energy, X–rays induce
various processes when interacting with the matter. As illustrated in Figure 1.3 when
the energy of the incident radiation is high enough, an electron will be photo–ejected
from the sample. This is the ’photon in–electron out’ process corresponding to XPS.

In case the energy of incident X–rays is decreased the interaction may result in
absorption of a photon and excitation of an electron to a higher bounded unoccupied
state (Figure 1.14). Moreover, using tunable synchrotron radiation one can induce
desired absorptions i.e. from a given core–level on the first unoccupied states above
the Fermi level; this is the principle of X–ray Absorption Spectroscopy (XAS). Since
core–level energies are unique the absorption edges will appear at certain energies of
incident X–rays thus making XAS a valuable element sensitive tool for the investiga-
tion of unoccupied states.

Auger
decay

emission
decay

Coster−Kronigabsortion

Figure 1.14: Interaction of X–rays with the matter.

After absorption the system will be left in an excited state with a core–hole and
it can reach the ground stated on several channels. First, it is possible that an Auger
process will take place (Figures 1.14 and 1.11) leading to the ejection of an electron.
It is also possible that the photon generated in the core–hole filling step will leave the
solid without suffering scattering processes i.e. fluorescence or emission processes and
its energy can be recorded. By tuning the detector on the energy difference between
the valence band and the core–level with a hole, only these decays will be recorded i.e.
an element specific spectroscopy of the occupied states. Together with the excitation
it is a ’photon in–photon out’ method called X–ray Emission Spectroscopy (XES).
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There is also a certain probability that the system will undergo the ground state
through an intermediate step called Coster–Kronig transition (Figure 1.14).

There are certain remarks to be made with respect to XAS/XES. Since the pen-
etration and escape depth of photons in a solid is on the order of 1000 Å, both
spectroscopic methods probe such depths. This means that their surface sensitivity
is reduced and one should carefully compare information obtained on this way with
XPS results. Second, alike XPS, both XAS and XES are element sensitive, a powerful
feature when investigating compounds. Third, one can employ XAS/XES without
ultra high vacuum conditions since outgoing photons are not considerably scattered
in gases and the surface sensitivity is reduced.

1.2.2 Theoretical aspects

As already mentioned, the absorption implies the excitation of a system in ground
state Ψin to a final state Ψfin and the transition probability can be described analogue
to an XPS process by the Fermi Golden Rule [98]:

w ∝ 〈Ψfin|êr|Ψin〉δ(Efin − Ein − hν) (1.32)

where (êr) is the dipole matrix elements coupling initial and final state. The final
state can be described as the initial state with a core hole (c) and a continuum electron
on (ε): Ψfin = cεΨin and thus the transition probability becomes:

w ∝ 〈Ψincε|êr|Ψin〉δ(Efin − Ein − hν) (1.33)

Assuming that the matrix element can be rewritten as contributions from one–electron
elements and removing all the electrons which are inactive in the transition, the series
of δ functions resembles the density of states ρ.

w ∝ |〈ε|êr|c〉|2 · ρ (1.34)

The intensity of XAS line is proportional to the transition probability. The dipole
matrix elements dictate the following selection rules:

∆L = ±1 ∆S = 0 (1.35)

The probability for quadrupole transitions is about hundred times weaker so that
they are generally neglected.

In case of XES the corresponding theory is even more complicated since the start-
ing point of the emission process is an excited state [99, 100]. The variation of emission
features versus energy of incident X–rays was reported thus giving rise to ”branches”
of emission spectroscopy: RXES or Resonant X–ray Emission Spectroscopy when the
emitted photons have the energy around value of the incident radiation and NXES or
Normal X–ray Emission Spectroscopy otherwise. The resonant response can be due
to Resonant Elastic X–ray Scattering (REXS) or Resonant Inelastic X–ray Scatter-
ing (RIXS). The first (REXS) is due to a diffuse elastic scattering and the outgoing
photons have exactly the energy of incident radiation. It is worth to notice that in
the particular case of RIXS with conservation of the impulse, mapping of the band
structure of some solids is possible.

The possible emission lines are presented in Figure 1.15, where the selection rules
are given by the same dipole permitted transitions as in the case of absorption.



1.2 X-ray absorption/emission spectroscopy 27

K

L
L

L

II

I

III

M

M
M

M
M

III
II

I

IV
V

N

N
N

N
N

N
N

III
II

I

V
IV

VI
VII

O I

α α

β β3 1

β β2 2

1 2

K series

β β34

γ γ2 3

β α α1 2 1

β6α 5

β2 β2γ1

γ γ8 7

L series

1s

2s

2p

3s

3p

3d

4s

4p

4d

4f

5s

1

1

5

5

1

9

1

5

9

13

1

}

}

}

}

}

}

S

S

P
P

3/2
1/2

S1/2

P
P

3/2

1/2

1/2

D
D

5/2
3/2

S1/2

1/2

P
P

3/2
1/2

D
D

5/2
1/2

F
F

7/2
5/2

S1/2

Figure 1.15: Possible emission transitions of the K and L series.

1.2.3 Instrumentation

The prerequisite for good XAS/XES results is a high brilliance and flux radiation
source, which can be obtained only at modern synchrotrons. X–rays are generated
when electrons travelling with velocities close to light speed, are forced to change the
direction of their velocities. Bending magnets, wrigglers or undulators are placed at
certain points of the synchrotron polygon, the so–called synchrotron ring. The most
advanced radiation source is the undulator (Figure 1.16) which generates a periodic
magnetic structure. The distance between magnetic poles and field strengths are
chosen in a convenient way in order to generate coherent light at different bending
stages which interferes with itself.

Figure 1.16: Principle of undulator.

All the XAS/XES results presented in this work were recorded at the Beamline
8.0.1 at Advanced Light Source. The beamline operates between 65 to 1400 eV at
1.5 GeV electron beam energy using the first, the third and the fifth order harmonic of
89 poles undulator with a 5.0 cm period. The generated radiation is then monochro-
matized with three interchangeable spherical gratings (Figure 1.17 after [101]). With
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Figure 1.17: Layout of Beamline 8.0.1. at the Advanced Light Source in Berkeley

the entrance and exit slit of the monochromator chamber the spectral resolution can
be selected. Spectral resolutions E/∆E above 6000 at a 1012 − 1013 photons/s flux
have been achieved.

synchrotron
radiation

sample

grating

detector

entrance
slit

Figure 1.18: Scheme of the SXF endstation.

The Soft X–ray Fluorescence SXF endstation owned by the Tulane University
and the University of Tennessee used for measurements is schematically presented in
Figure 1.18 (after [102]) . It has a fixed (50– or 100 µm) entrance slit and the detection
of fluorescence photons is performed in a Rowland geometry with four interchangeable
gratings (600 and 1500 lines/mm and radii of 5 and 10 m). A multichannel plate are
detector is employed as counter. The spectral resolution of the end station ranges
between 400 and 1900 depending on grating and slit width.



Chapter 2

Molecular magnetism

Smaller and better is nowadays the core advertising slogan for almost all the new
electronic products and the trend to miniaturization [103] is not only a scientific chal-
lenge but the key of financial survival for all companies on the market of electronic
products. Small is both beautiful and practical. Nanotechnologies became synonym
to the technological progress. The expectation that someday single molecules or
molecular aggregates of nanometer dimensions will serve as active units of electronic
circuits or bits for magnetic storage, is stronger than ever. Physics, chemistry and
biology overlapped and got new interdisciplinary trends. So far the most successful
branch seems to the molecular electronics [104] which can already report the widely
spread liquid crystal displays or functional but not yet commercially available molec-
ular contacts.

The trend to miniaturization has also risen a real interest of scientific community
with respect to the molecular approach to the nanoscale magnetism, higher storage
densities being the challenge in this field1. Thus, even the fundamental understanding
of the magnetism has undergone wide progresses in the last decades the field is more
actual than ever [105–108]. The main issue can be formulated relatively simple:
molecules with a net total spin should play the role of magnetic domains and increase
today’s storage densities of 70 Gb/in2 [109] (perspective 200 Gb/in2 [110] or 300
Gb/in2 [111]) to about 40 T/in2 i.e. an increase of about 500 times. Even molecular
materials are very promising over conventional metal–based magnets, fundamental
problems are still to be solved.

One of the central problems is that of the magnetic interaction. The basic issue
was to find feasible conditions in order to obtain metal–organic ferromagnets. This
task was not an easy one. Usually 3d transition metal ions are employed as magnetic
centers while diamagnetic organic radicals or atoms are used are magnetic bridges.
In most of the molecules the magnetic exchange results from super–exchange inter-
action of the spins (magnetic ions) via diamagnetic ligands so that the antiferromag-
netic interaction prevails. It drives the system into a zero total spin ground state.
An important step forward was made in 1987 when the metal–organic compound

1One should note that the holograms are also treated as a perspective alternative to traditional
storage media.
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Fe[(Me5C5)2][TCNE], Me = methyl, TCNE = tetracynoethylen, was shown to ex-
hibit magnetic hysteresis below 4.8 K [112, 113]. It was the first ferromagnetic metal–
organic compound. A few years later the first pure organic ferromagnetic compound
was synthesized [114]. But this field received a large impact since the polynuclear
complexes [Mn12(CH3COO)16O12(H2O)4] · 2CH3COOH · 4H2O were shown to exhibit
magnetic hysteresis with a pure molecular origin (i.e. it is not the result of long–
range magnetic interaction but a one extended to only a few atoms) [115, 116]. The
magnetic coupling is negative but the manganese ions have different valences, thus
resulting into a non–zero net spin molecule. Ever since the coordination chemistry
has brought forth a whole new class of such synthesized magnetic molecules in which
are embedded interacting magnetic ions [117]. Nowadays such magnetic molecules
are denoted as nano–magnets. The core of these molecules, a cluster of magnetic
ions, is surrounded by a large complex of nonmagnetic organic ligands which shields
the cluster from the moments of neighboring molecules. The intermolecular interac-
tion is negligible and measurements on a bulk sample only reflect the intramolecular
magnetic coupling. All these remarkable progresses as well as the high expertise gath-
ered with respect to the magnetic interactions of other metal–organic structures have
brought a relevant contribution to the basic understanding of magnetism [118, 119].

There are several concrete aspects which make the molecular approach to the
magnetism at the nanoscale to be very appealing.

• Unlike the conventional magnetic particles, the number of atoms and their ar-
rangement (shape, size and orientation) in molecule is exactly the same so that
accurate approaches of their properties can be carried out. Such clusters also
serve as ideal spin systems for theoretical models.

• The intra–atomic magnetic interactions can be modified in a controlled way
using the flexibility of the synthetic chemistry (ligand substitution or by varia-
tion of magnetic ion species determining the magnitude of the individual spins)
[120, 121].

• Molecular magnets exhibit a number of unusual phenomena of scientific interest:
pure quantum tunneling relaxation of the magnetization [122] or spin crossover
transitions which can be optically switched (Light-Induced Excited Spin State
Trapping or LIEEST) [123].

• Nano–sized molecular magnets are offering potential perspectives for future ap-
plication in data storage, quantum computing [108] or display technology [124],
in medicine [125] or biotechnology [126].

However several basic features are still responsible for the up to date lack of
practical applications in the main interest field of magnetic storage media. One of
the most important is the strength of magnetic coupling. Due to its low values
(J ≈ 10 K) room–temperature appliances are nowadays only expectations. Secondly,
the tunneling of magnetization, even it is an attractive basic–research issue , implies
stabilization difficulties of the molecules on a substrate [127]. Last but not least, even
all these difficulties could be overcame, some other technological aspects like read and
write heads for such small domains would still block the way to a rush development
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of practical devices. Concluding, even the understanding of molecular magnetism has
undergone a rapid progress, a significant work is still to be done in order to reach the
level of practical applications.

Our approach to the above mentioned issues is the experimental study of the
electronic structure by means of X–ray spectroscopic investigations. Together with
joint theoretical studies this serves to elucidate the factors that govern the interaction
between the spin carriers. Properties like overlap and orthogonality of the magnetic
orbitals, spin delocalization and polarization effects are relevant. Alike in the case of
magnetism of conventional materials, studies of the electronic and magnetic structure
involving X–ray spectroscopic techniques could resolve a wide range of issues.
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Chapter 3

Transition metal dicyanamide
compounds M[N(CN)2]2 with
M = Mn, Fe, Ni, Cu

Molecule–based solids with the general formula M[N(CN)2]2 (M = Mn, Fe, Ni,
Co, Cu) have been subject of constant research efforts in the last decade, their appeal
being motivated by several physical and chemical particularities. First synthesized
in the late seventies for M = Ni [128], these compounds were later shown to be
isostructural and to exhibit both overall ferromagnetic and antiferromagnetic coupling
between the metal ions [129–138]. The transition metal (TM) ions with a general
M2+ formal valence state are surrounded by [N(CN)2]

−
2 dicyanamide groups. It was

reported that the compounds having six or fewer 3d electrons (M = Mn, Fe) present
a canted antiferromagnetic order at low temperatures while those with seven or more
electrons on the 3d shell (M = Co, Ni) show a ferromagnetic interaction [129, 135].
The composition with copper behaves as a paramagnet [130]. The coercive field for
Fe[N(CN)2]2 of 17800 Oe is the largest for any metal–organic compounds and even
exceeds those of well known permanent magnet alloys like SmCo5 or Nd2Fe14B2 [129].

Figure 3.1: Crystallographic structure of M[N(CN)2]2 compounds. The MN6 octahe-
dral distorted units are emphasized.
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Compound Mn[N(CN)2]2 Fe[N(CN)2]2 Co[N(CN)2]2 Ni[N(CN)2]2 Cu[N(CN)2]2

Space group Pnnm Pnnm Pnnm Pnnm Pnnm
Interatomic distances and angles at:

4.6 K 1.6 K 1.6 K 1.6 K –
M–M 6.0657(1) 5.9670(1) 5.9158(1) 5.8634(1) –
M–N(2)–C 119.2(1) 119.6(1) 120.6(1) 121.0(1) –
N(2)–C–N(1) 175.2(3) 175.5(2) 175.1(2) 174.6(2) –
C(2)–N(1)–M 158.5(2) 158.9(1) 159.6(1) 159.5(1) –
α 140.4(1) 141.7(1) 142.3(1) 142.6(1) –
M–N(1) 2.189(1) 2.126(1) 2.093(1) 2.053(1) –
M–N(2) 2.291(2) 2.206(1) 2.156(2) 2.129(2) –
∆ 1.047 1.038 1.030 1.037 –
β 25.2(2) 26.4(2) 27.5(2) 27.6(2) –
Magnetic ordering type

canted AFM canted AFM collinear FM collinear FM para
(2φ ≈ 10◦) –

Ordering temperature
16 K – 9 K 21 K –

Local magnetic moments of 3d–ions
4.61 µB 4.23 µB 2.67 µB 2.21 µB 1.05 µB

Table 3.1: Reported crystallographic and magnetic data for M[N(CN)2]2, M = Mn,
Fe, Ni, Co, Cu (from [135] and the references therein). ∆ is given by
∆ = [M − N(2)]/[M − N(1)] and describes the octahedral distortion. The nitrogen
atoms situated on the distortion axis are labelled as N(2) while those in the equato-
rial plane of the rhombus–shaped units (see Figure 3.1) are denoted with N(1). β is
the tilt angle of the equatorial plane of the MN6 bipyramides with respect to the ac
plane. α is the M − C − M angle.

The crystallographic properties of these compounds are nowadays well charac-
terized. Each metal ion is surrounded by six nitrogen atoms (see Figure 3.1) in a
distorted (axially elongated) octahedral geometry. The rutile–like structure consists
of rhombus–shaped units which adopt a chain alignment parallel to the c axis. The
elongation axis of the bipyramides is contained in the ab plane. Two kinds of non–
equivalent nitrogen atoms form the distorted octahedral surrounding of M2+ cen-
ters: four belong to the −C ≡ N ends of the dicyanamide group while the other
two are positioned on the elongation axis and represent the central nitrogen in
N ≡ C − N − C ≡ N. The compound with Cu undergoes a Jahn–Teller effect and
the Cu2+–N (amide) distances are greater than the Cu2+–N (nitrile) lengths [130].
Because of the tilting of the elongated octahedra in the crystallographic ab plane,
two symmetry related M2+ ions can be distinguished in the unit cell (Figure 3.2), one
positioned in the corner (0, 0, 0) and the other in the center (1/2, 1/2, 1/2).

Replacing of the metal ion induces changes of the magnetic and crystallographic
properties i.e. bond distances and angles are changed (see Table 3.1 and [130]). Since
the ion–ion distances range between about 5.8−6.1 Å [135], direct magnetic exchange
between magnetic moments can be utterly neglected and the magnetic interaction is
due to organic superexchange pathways between metal ions. In other words there
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Figure 3.2: Unit cell of M[N(CN)2]2 compounds.

is an interplay between the magnetic features, nature of the transition metal ion
and structural properties. The understanding of this relationship is essential for the
design of metal–organic compounds with desired physical properties [139, 140]. The
importance of this issue is underlined by the quite rare cases when ferromagnetic
alignment occurs in metal–organic compounds. The key–details may get a consistent
understanding with the study of this isostructural series owing both FM and AFM
behaviors.

Any answer to the questions related to the factors which trigger the crossover from
the canted AFM to the FM magnetic ordering must rely on consistent information of
the electronic structure because both changes of magnetic and structural properties
are reflected in the distribution of orbitals, changes in overlaps and other electronic
properties.

The aim of this study is to go beyond the generic explanation of the magnetic
exchange interactions, to investigate the electronic structure of these compounds and
to employ the achieved information to describe magnetic interactions.

The spectroscopic investigations were performed on samples kindly supplied by
Carmen R. Kmety1 and their synthesis was described in the literature [131, 133–
135, 137].

3.1 Studies on the electronic structure

3.1.1 Specific experimental details

For XPS investigations pellets of pressed poly–crystalline powder were cleaved
in the preparation chamber under a basis pressure of about 5 × 10−7 mbar and then
quickly moved into the main chamber. Due to the insulating character of the samples,
charging on the surface was compensated during measurements by employing a low–
energy electron gun. Its parameters (electron energy and flux) were chosen in a
convenient way in order to ensure stable positions of the intensive core–level lines

1Actual address: Department of Physics, The Ohio State University, Columbus, Ohio 43210–
1106, United States of America
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(N 1s and C 1s) as well as a minimal full width at half minimum. Moreover since
tiny changes of surface’s quality may influence its overall conducting properties thus
requesting slightly modified parameters for the neutralizer profile–like measurements
were performed. This kind of spectra recording is also recommended since metal–
organic compounds are far from being chemically as stable as conventional crystalline
samples. The presented spectra resulted as a careful sum of partial sweeps. This
procedure allows the exclusion of partial spectra in case some changes of the observed
features were noticed and prevents the inclusion of information which may mislead
the final interpretation. Survey spectra were recorded before, during and at the end
of measurement cycles in order to achieve a steady check of surface quality. Generally
no changes or artefact features were noticed during the measurements.

3.1.2 N and C 1s regions – Calibration

When dealing with XPS spectra of non–conducting samples, one common prob-
lem is the calibration. In the case of dicyanamide materials presented here the ref-
erence line was chosen to the N 1s line in the cyanide C≡N group. The existence
of the triple bond between carbon and nitrogen atoms in the cyanide radical was
experimentally evidenced by infrared spectroscopy [131].
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Figure 3.3: XPS 1s core–level line of nitrogen in Ni[N(CN)2]2. In the upper part the
cyanamide ion is represented, indicating the two non–equivalent nitrogen positions.

The particular case of Ni[N(CN)2]2 is presented in Figure 3.3. A fit was performed
by using Lorentz shapes for the peaks and a Tougaard–type form of the background.
The Lorentz peaks were convoluted with a 0.6 eV Gauss line which accounts for the
apparatus broadening. A 2 : 1 area ratio as indicated by the chemical formula was
imposed as restrictive condition. The calibration was performed by assigning the N
1s line in the C≡N group to 399.57 eV [141]. The XPS line corresponding to the
central nitrogen atom of the dicyanamide group is situated at lower binding energy
as expected from its formal valence state.
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Figure 3.4: XPS 1s core–level lines of nitrogen in M[N(CN)2]2.

The N 1s lines for all the investigated compounds are presented in Figure 3.4.
The experimental points were fitted using the procedure described above and generally
only two peaks with having a 2 : 1 area ratio were enough in order to describe the
spectra. Because of the strong overlap between the two component line, the deduced
binding energy of the second intensive N 1s peak (397.3−398.0 eV) should be regarded
only as a very good estimation.

The relatively high width of the presented lines may be explained by taking
into account the nature of the investigated samples. One of the reasons is certainly
related to their crystallinity: poly–crystalline samples usually issue wider XPS lines
than monocrystals. Secondly the cleaved surface of poly–crystalline materials may
be not flat enough in order to ensure an optimal charging compensation. This aspect
is illustrated in Figure 3.5. XPS active regions of the surface where the low–energy
electron beam is shadowed by irregularities could be responsible for low–intensity
diffuse features situated at higher binding energy with respect to the main line. For
Fe[N(CN)2]2 and Mn[N(CN)2]2 these structures converge and the result is a shoulder
of the N 1s. Its presence however do not affect the analysis since the area of some
additional third peak accounting for the shoulder is below 5% the sum of two material
specific N peaks.

The above considerations suggest that both recording and analysis of XPS spectra
in case of such compounds is far from being trivial. Specific experimental solutions
as well as a flexible analysis are pre–requisites for a correct approach.

The XPS C 1s lines for all the investigated M[N(CN)2]2 materials are shown in
Figure 3.6. Generally two peaks can be stood out in the spectra. The most intensive
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macroscopic irregularities of the surface

low−energy electrons

Figure 3.5: Partial charge compensation in case of XPS measurements on rough
surfaces. The incident X–rays are in a plane perpendicular to the picture. Regions
with deficient charge compensation are marked with double line.

at about 287.7 − 288.0 eV binding energy corresponds to C in dicyanamide radicals.
Its positions do not change between two different compounds because the first atomic
neighborhood of carbon does not change during the series. The angles and distances
in the N−C≡N bound change and they can induce slight charge shifts on C position,
thus resulting in modified XPS binding energies. It is worth to mention that C 1s
peak in other C∗−C≡N groups was reported at 286.73 eV in poly(acrylonitrile) and
286.74 eV in poly(methacrylonitrile) [141]. The peak positioned at about 285.5 eV
may be due to adsorbed carbon on the fresh cleaved surface during measurements
and/or due to a contamination which results from the solvents used during sample
preparation. The existence of two non–equivalent carbon positions in the sample is
excluded.

3.1.3 Transition metal core–level lines – Screening effects.

As illustrated in the introductory chapter, the XPS core–level lines of 3d metals
comprise information on the valence state, local magnetic properties and local elec-
tronic structure. These attributes make them of high interest. The XPS transition
metal 2p and 3s core–level lines recorded for M[N(CN)2]2 compounds are listed in
Figures 3.7 and 3.8.

Before turning to analysis of these results, it is useful to see to what extent these
experimental data may be compared to the XPS spectra of transition metal oxides.
Such a comparison is appealing since the core–level lines of simple or complex oxides
are nowadays more or less well understood2. As mentioned in the sections 1.1.2.5
and 1.1.2.7 the structure of 2p and 3s lines depends on various factors which can be
divided in intra– and extra–atomic features. As the self–explanatory denomination,
the first are specific for the ionic species and may be compared between similar ions in
two different compounds. The extra–atomic features are instead characteristic of for
particular material and depend on the local geometry or the first atomic neighborhood
of the 3d–metal. This last aspect becomes evident for the configuration–interaction
cluster approach to the Anderson hamiltonian [78, 79, 142, 143]. Screened final–states,

2In Osnabrück a long track of scientific results has been achieved during the last decade in this
field and high–resolution spectra of simple and complex TM oxides are available.
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Figure 3.6: XPS 1s core–level lines of carbon in M[N(CN)2]2.

where an electron is transferred from a ligand atom in order to screen the created
core–hole, might play an important role in the shape of the spectra.

For transition metal oxides the interplay between final state effects and exchange
interaction or spin–orbit coupling may be estimated in frame of Zaanen–Sawatzky–
Allen diagram [144]: it classifies the transition metal compounds with respect to
their ligand to metal charge transfer energy, the d–d Mott–Hubbard repulsion and
bandwidths of metal and ligand states. Such an approach cannot account for fine
structures in the spectra but delivers a reliable base of discussions. According to
these reasons the comparison of XPS transition metal core–level spectra coming from
different classes of materials must be carefully defined. Actually one should be capable
to discern the contribution of extra–atomic effect and then to compare the specific
TM features.

The most striking feature of the Mn 2p spectra (Figure 3.7, MnO spectrum from
[51]) is the lack of significant charge–transfer features. This is similar to the case
of MnO [51, 142] where the charge–transfer effects only play a secondary role3. The
Mn 3s spectra (Figure 3.8) is marked by the same feature: the spectra can be fitted
with only two symmetric lines. Additionally the splitting between the two peaks
resembles the value specific for MnO – Figure 3.9 (MnO 3s spectrum from [51]). The
magnetic moment on manganese is 4.65 µB in Mn[N(CN)2]2 [133] and 4.45–4.79 µB

in MnO [145, 146].

3The comparison to another divalent manganese compound was not randomly selected. As it
will be shown later, Mn2+ in Mn[N(CN)2]2 is not only a formal valence state but also reflects the
electronic structure configuration.
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Figure 3.7: XPS transition metal 2p core–level lines of M[N(CN)2]2 compounds.

Thus it is reasonable to propose that in the Mn core–level lines of the investi-
gated dicyanamide material no significant charge–transfer features are present, the
Mn 3s splitting being a good measure of the local magnetic moment. Eventual small
screening features may be enveloped by the relatively broad lines. The comparison
with MnO suggests a 3d5 configuration in concordance to the magnetic measurements
[133]. The binding energy of the Mn 2p3/2 line (642.4 eV) is higher than the one of
Mn 2p3/2 in MnO (640.1–641.1 eV [51]) and closed to that of Mn 2p3/2 in MnCl2
(about 642 eV [147]) thus indicating a more ionic character of manganese in the
dicyanmide compound. The two peaks in Mn 2p spectrum are then assigned to spin–
orbit coupling components in non–screened final state 2p53d5L. In a similar way the
two peaks in the Mn 3s spectrum are assigned to the high–spin HS (7S) and low–spin
LS (5S) final states without charge–transfer 3s13d5L.

The following question arises: is it physically reasonable to make the above des-
ignations? As it will be shown in the next section and can it be deduced from the
3d5 electronic configuration, the Mn 3d states dominate the top of the valence band.
Unoccupied 3d states are present above the insulating gap, probably in the lower
unoccupied molecular orbital. Assuming frozen states for the ligand (like illustrated
in Figure 1.8), the screening relaxation in the final state implies the empty states of
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Figure 3.8: XPS transition metal 3s core–level lines of M[N(CN)2]2 compounds.

the metal ion will be shifted below the ligand occupied states. For a 3d5 configuration
this is less probable as for a 3d6 or 3d7 one. For the late transition metal oxides the
energy requested for the charge transfer process decreases with increasing number of
3d electrons [148]. With these considerations the correctness of the above assignments
is granted.

The XPS 2p core–level spectrum of iron (Figure 3.7) shows some small but visible
peak around 730.7 eV below the 2p1/2 component. This indicates that charge–transfer
effects are present and must be included in the analysis. For the 2p3/2 component
the charge–transfer feature is present as a asymmetry of the line’s shape. Similar
remarks can be made for the case of the Fe 3s spectrum (Figure 3.8). Some third
peak at about 102.1 eV has a intensity which cannot be described in the frame of the
3s multiplet splitting theory and corresponds most probably a impurity line4. It is
worth to mention that the distance between the first and the second peak in the Fe 3s
spectrum Fe[N(CN)2]2 and FeO spectra is almost the same for both iron compounds
– Figure 3.11.

4The foreign contribution can be assigned to some silicon impurity content resulted from the
chemical synthesis process. If so, the C to Si atomic concentration ration is higher than 1000 to 1
which resembles a tiny, hardly detectable silicon amount.
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Figure 3.9: Multiplet splitting of manganese 3s line in Mn[N(CN)2]2 (upper panel)
and for comparison in MnO (lower panel, from [51]).

The absolute binding energy of Fe 2p3/2 line (710.1 eV) in Fe[N(CN)2]2 is higher
than the value measured for FeO (709.2–709.5 eV [147]). This result reveals a higher
degree of ionic character compared to the corresponding oxide.
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Figure 3.10: XPS 2p spectra of iron in Fe[N(CN)2]2 and FeO (from [51]).

Taking into account the analysis presented in [78, 79, 142, 148] and assuming only
reduced charge–transfer features, one can assign the two most intensive peaks at 93.8
and 99.2 eV to the HS and respectively LS final state without screening (see Figure
3.11, FeO spectrum from [148])). The magnetic moment on iron in FeO is 3.32–
3.36 µB [145, 146] and 4.23 µB in Fe[N(CN)2]2. The last value is closer to 4.9 µB

expected from the spin contribution of a Fe2+ ion.
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Figure 3.11: XPS 3s spectra of iron in Fe[N(CN)2]2 and FeO (from [51]).

In case of the compositions with Ni and Cu the charge–transfer features of both
2p and 3s spectra are even more pronounced. The Ni 2p3/2 is given by a doublet at
857.3 and 863.9 eV. In NiO the lowest and most intensive component of the 2p3/2

line was found at 854.1 eV [51]. Once again, this suggest a higher degree of ionic
character for the manganese bounds when compared to the corresponding oxide. The
intensities of two virtual peaks fitting the Ni 3s spectra would be far from the value
expected for a 3d8 configuration (3 : 2, see section 1.1.2.7) thus motivating some other
configuration of peaks under the experimental curve. The situation is similar for the
Cu 3s spectrum. The components of Cu 2p3/2 are positioned at 936.5 and respec-
tively 944.1 eV. For CuO the most intensive peak is located at 932.5 eV [51]. These
considerations lead to the conclusion that the ’visual’ multiplet splitting exhibited
in these 3s spectra do not directly reflect the value of local magnetic moment. Still,
since charge–transfer effects occur in case of Cu[N(CN)2]2 the d–orbital occupation
must be lower than 3d10.

Mn[N(CN)2]2 Fe[N(CN)2]2 Co[N(CN)2]2 Ni[N(CN)2]2 Cu[N(CN)2]2
XPS line

N 1s 398.0 398.3 398.5 397.2 397.8
399.6 399.6 399.6 399.6 399.6

C 1s 287.7 287.7 287.4 288.0 288.0
M 2p3/2 642.4 710.1 782.2 857.2 936.5

Table 3.2: XPS binding energies (eV) for the M[N(CN)2]2 dicyanamide compounds.

Concluding, for compounds with Mn and Fe the screening effects were found to
be low enough so that the 3s multiplet splitting reflect the local magnetic moment.
For compositions with Ni and Cu the final–state effects are considerably high and the
shape of the 3s splitting is more complicated.
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3.1.4 Modelling the transition metal 3s multiplet line

A deeper insight on the structure of 3s TM spectra and the extent screening effects
have to be taken into account can be achieved by employing an appropriate model
for the multiplet splitting for insulating materials. Such approaches are presented in
[78, 79, 142, 148] and were employed to describe simple TM oxides. In order to define
the involved physical values as well as the restrictions of the models, the corresponding
physical aspects are summary presented and commented below.

The 3s multiplet spectrum is primarily a sum of magnetic exchange derived
spin configurations (HS states 2S+2Γ and LS states 2SΓ). Further, since a charge
transfer from ligand to metal ion accounts for the screening of the final states 3s
core–hole, HS and LS states without or with charge transfer must be considered
(HS states: |3s13dnL;2S+2 Γ〉 and |3s13dn+1L;2S+2 Γ〉, LS states: |3s13dnL;2S Γ〉 and
|3s13dn+1L;2S Γ〉. For purely ionic compounds, a cluster approximation Hamiltonian
approach can be employed to describe the transitions from initial to these final states
[149], which is applicable to octahedral surroundings of the TM ion. The initial state
Ψin and final states Ψfin,i are written as linear contribution of state without and with
charge transfer: Ψin = α0|3dn〉 + α1|3dn+1L〉 + α2|3dn+2L2〉 with α2

0 + α2
1 + α2

2 = 1,
Ψfin,i = αi

0|3s13dn〉 + αi
1|3s13dn+1L〉 + αi

2|3s13dn+2L2〉 with αi
0 + αi

1 + αi
2 = 1. The

matrix elements of the Hamiltonian for the initial states are:

H =

 0
√

2T 0√
2T ∆ ∆
0

√
2T 2∆ + Udd

 (3.1)

where
〈3dn+1L|H|3dn+1L〉 = ∆ (3.2)

is the charge–transfer energy,

〈3dnL|H|3dn+1L〉 =
√

2T (3.3)

〈3dn+1L|H|3dn+2L2〉 =
√

2T (3.4)

is the transfer integral and Udd is the effective d–d Coulomb interaction or Mott–
Hubbard energy. For the final states the matrix elements of the Hamiltonian can be
written for HS and LS configurations trough diagonal Ec terms which are related to
the exchange energy given by equation 1.23. The HHS are then written as:

HHS =

 Ec(L;2S+2 Γ)
√

2T 0√
2T Ec(L;2S+2 Γ) + (∆ − Qsd) ∆
0

√
2T 2(∆ − Qsd) + Udd

 (3.5)

where Q3d is the 3s–3d Coulomb interaction. For simplicity the occupancy of 3d
sub–shell was not included in notation. Analogous:

HHS =

 Ec(L;2S Γ)
√

2T 0√
2T Ec(L;2S Γ) + (∆ − Qsd) ∆

0
√

2T 2(∆ − Qsd) + Udd

 (3.6)
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For convenience the HS energies can be defined as reference:

Ec(L;2S+2 Γ) = Ec(L;2S+2 Γ) = 0 (3.7)

and the LS diagonal energies result as:

〈3dn|HHS|3dn〉 − 〈3dn|HLS|3dn〉 = Ec(L;2S Γ) (3.8)

〈3dn+1L|HHS|3dn+1L〉 − 〈3dn+1L|HLS|3dn+1L〉 = Ec(L;2S Γ) (3.9)

It should be noticed that the values of exchange splitting are reduced to about a half
by the configuration interaction in the final state (see Section 1.1.2.7). In the sudden
approximation the spectrum is then given by [149]:

ρ(ξk) =
3∑

i=1

|〈Ψfin,i|cΨin〉|2δ(h̄ω + δ − ξk − Ei) (3.10)

where Ei represents the final–states energies, ξk the kinetic energy of the photoelec-
tron, |cΨin〉 represents the frozen state obtained by annihilation of a core–electron in
the ground state (see also Section 1.1.1.1).

Several approaches were developed for TM simple oxides starting from the above
considerations. In [78] an empirical reduction of the energy splitting due to final state
configurations was assumed and a fit was performed starting from calculated values
of ∆ and Udd. Later same authors published a more sophisticated model where some
of the matrix elements were prior calculated in a cluster Hartree–Fock approach [79].
It is questionable to what extent such a simulation is better than its previous form 5.
Moreover the constrains between the model parameters seem to be not included. This
makes the numerical results less deterministic even if they are correct. An elegant
model approach has been developed in Osnabrück [148]: it considers the constrains
between the peak positions and intensities resulting from a proper parameterization
of initial and final states and ignores the double–hole ligand states contributions. This
is more than reasonable since the 3s13dn+2L2 contributions are very low.

In order to apply any of the above models to TM 3s spectra of dicyanamide
materials a particular numerical procedure is required since the extra–atomic specific
values employed for oxides cannot be used. This is a common feature of all the listed
procedures. The reason for this is the nitrogen octahedral surrounding of metal ions
which makes it difficult to find the proper starting point for the fit procedure.

A proper numerical approach was developed in this work. The fit consists from
two steps: first the proper starting point is found in the limits of physical constrains
by means of a Monte–Carlo approach; secondly the values of the parameters are
refined in an adapted non–linear Levenberg–Marquardt method [150]. The Monte–
Carlo procedure was run with at least 300.000 points in the parameter space. For all
the peaks a Lorenz–Gauss product form was used with a free mixing parameter:

f (ε) = I0

{
1 + m

[
ε

(γ/2)

]2
}−1

· exp

{
−(1 − m) ln 2

[
ε

(γ/2)

]2
}

(3.11)

5There is a real possibility to reach deviated results since different types of overlap integrals
resembling the same cluster are calculated outside the fitting procedure.
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where m is the Lorenzian–Gaussian mixing ratio and the rest of parameters are defined
as in section 1.1.2.6. This symmetric line–shape has the advantage to give a good
analytical description of the physical parameters. The figure of merit function that
measures the agreement between data and model was chosen in a normalized metric
distance form [151]:

χ =
1√
2

√√√√ n∑
i=1

( yi

|y| −
F (yi)

|F |
)2

(3.12)

where yi are the experimental points and F is the model function. For |y|:

|y| =

√√√√ n∑
i=1

y2
i (3.13)

The choice of this form is motivated by the nature of experimental points: in a XPS
spectrum a higher number of counts reflects a better spectrum i.e. a lower detection
error. The reduction of exchange energy over the value of free ion was accounted
for final states with or without charge–transfer with two fit parameters. In order
to take into account the 3s13p63dn – 3s23p43dn+1 and 3s13p63dn+1 – 3s23p43dn+2

configuration interactions, the coefficients kn and respectively kn+1 were used as fit
parameters [148]. The numerical code was first tested on the spectra of simple oxides
of TM and the results were in concordance to the data available in the literature.
The input data are: the experimental points and the lower and upper limit chosen
for the model parameters.

The results of the fit are presented in Figure 3.12 and the values of model relevant
parameters are listed in Table 3.3.

∆ Qsd T ∆E(HS–LS)
(eV) (eV) (eV) (eV)

Mn[N(CN)2]2 11.5 4.4 1.7 6.3(5)
Fe[N(CN)2]2 7.8 5.2 2.4 5.4(6)
Ni[N(CN)2]2 3.1 6.0 2.8 2.8(4)
Cu[N(CN)2]2 2.1 6.3 2.9 1.5(7)

Table 3.3: Parameter values obtained from the model analysis of the 3s multiplet
splitting.

In case of the Mn[N(CN)2]2 3s XPS spectrum it becomes clear that the HS and
LS states without screening are prevalent. The contributions of |3s13dn+1L〉 states
are very low due to a large ligand to metal charge–transfer energy ∆ and the mea-
sured splitting is due to exchange interaction only. The percentage composition for
the intensities of the peaks situated at 82.4 and 88.7 eV are 95%|3s13d5L; 7S〉 +
5%|3s13d6L; 7S〉 and 97%|3s13d5L; 5S〉 + 3%|3s13d6L; 5S〉. The value of the param-
eter Qsd was found, as expected, to be close to the results obtained for manganese
oxide (4.5 eV in [79] or 5.0 eV in [148]). In Reference [79] it was argued for MnO
that an even higher value of the ∆ parameter does not really affect the shape of
the simulated curve since its magnitude is already high enough to dump down any
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Figure 3.12: XPS spectra (circles) and model calculations (lines) of the 3s core levels.
HS contributions are drawn with normal line while the LS ones are represented with
dotted line. Below the spectra the composition of each line in terms of non–screened
and screened final states is shown.

screening effects. According to the constrains resulted in our case from the physical
model [148], such an conclusion becomes erroneous so that an unambiguous value of
∆ was determined.

For Fe[N(CN)2]2 the charge–transfer energy is lower and allows a higher mix with
screened final states. It is energetically easier to transfer electrons from the ligand
nitrogen atoms to the metal ion. On the scale of atomic orbital energies the lower
Qsd value is due to the non–zero occupancy of minority spin 3d orbitals of iron which
makes the further population of spin–down states to be more accessible. However
the charge–transfer energy is not low enough to generate high contributions of final
states with charge–transfer weight and the value of measured splitting is still a value
of the magnetic exchange interaction. The percentage composition for the intensities
of the peaks situated at 93.9 and 99.3 eV with respect to the nature of final states are
74%|3s13d6L; 6D〉 + 26%|3s13d7L; 6D〉 and 73%|3s13d6L; 4D〉 + 27%|3s13d7L; 4D〉.
The Qsd values previously derived for Fe(II) are 3.5 eV [79] and 5.8 eV [148].
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The weight is changed for Ni[N(CN)2]2 and the trend observed for the compound
with iron is confirmed. ∆ becomes even lower and final states with a ligand core–hole
must be accounted on equal footing with those without charge–transfer. The most
striking feature of the Ni 3s spectrum (Figure 3.12) is the reduced relative intensity
for the states in LS channel. The visible splitting fails to resemble the magnetic
exchange interaction and is a measure of the charge transfer effect i.e. a extra–atomic
property. The composition for the intensity of the main line positioned at 113.1 eV
is 27%|3s13d8L; 4F〉 + 73%|3s13d9L; 4F〉. The ascertained Qsd value is close to the
values derived for NiO: 7.0 eV [79] and 6.5 eV [148].

For the last analyzed case of Cu[N(CN)2]2 the natural relaxation tendency of
the system with a 3s core–hole is supported by a very low ∆. Final states with
an electron transferred from ligand to metal position become dominant and the LS
channel is drastically suppressed. The main line of the Cu 3s spectrum at 125.6 eV
has the following composition: 21%|3s13d9L; 2D〉 + 73%|3s13d10L; 2D〉.
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Figure 3.13: Comparison between the exchange splitting deduced from the 3s–model
and the theoretically expected values for divalent, trivalent and quadrivalent 3d ions
(from [148]).

Concluding, the analysis of screening effects in the TM XPS core–level lines
reveals that for compositions with Mn and Fe the spectra resembles M2+ real valence
states while for dicyanamide compounds with Ni or Cu this conclusion in only indirect.
By employing an appropriate model the values of exchange splitting can be extracted
from the experimental data and compared with the values theoretically expected for
different valencies (Figure 3.13). In frame of this model, it can be deduced that all
the TM ions are in divalent state in the investigated materials.
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3.1.5 Valence band studies

The occupied density of states in the valence region was investigated by means
of XPS and XES6 measurements. Figure 3.14 shows the XPS valence band spectra of
Mn[N(CN)2]2 along with the selectively excited XES data of each atomic species (see
also [152]). The excitations energies used for the shown XES spectra were chosen to
correspond to the Lα edge for Mn and Kα threshold for C and N resulting from the
absorption spectra, so that a close picture of the undistorted element specific density
of state is achieved7. The emission spectra are correlated with the occupied density of
states in the valence band region by taking into account the binding energies of core
levels, as extracted from the XPS core–level spectra (see Table 3.2). The features
(peaks) visible in the XPS valence band spectrum and their corresponding peaks in
the XES spectra are denoted with A − F . The comparison reveals that the top of
valence (A) band is mainly derived from Mn 3d states while its bottom (F ) is mostly
due to 2s states of carbon and nitrogen. Some contribution to structure F comes
from C 2p states as visible in the C emission spectrum. In the middle part of the
valence band (B, C, D) the Mn 3d, N 2p and C 2p are strongly hybridized forming a
broad structure in the XPS valence band. The feature E is formed by mixed N and
C 2p states.

A deeper insight on the hybridization mechanisms and contribution of particular
orbitals to the structures present in the valence band can be achieved by means of
electronic structure calculations. The computational approach is however not trivial.
Even tremendous progresses have been made in this field, the theoretical approach to
the electronic structure of metal–organic compounds is still a delicate undertaking.
The possible question marks may be tuned off by means of joint experiment–theory
studies.

The calculations for Mn[N(CN)2]2 bulk crystal and terminated cluster models
have been computed in frame of a joint co–operation by M. R. Peredson8 [152]. The
results from Reference [152] are shown in Figure 3.15. The lowest three panels show
the densities of states which were broadened by 1.0 eV and the upper three by 0.3 eV
in order to simulate the experimental broadening and to help the identification of
structures. The total and 3d projected density of states are presented in the forth
panel. For N and C densities the total and 2p components are shown.

The theoretical results show that the manganese density of states below the Fermi
level (A) is entirely due to majority states while the states above the Fermi level are
composed entirely of minority states. This points out a 3d5 electronic configuration
of the Mn ions (+2 charge state) and a local spin moment of 5.92 µB. Additionally
the Mn 4s contribution to the valence states was shown to be negligible. To be

6The XAS/XES data for dicyanamide materials were kindly provided Prof. Dr.
Ernst. Z. Kurmaev

7This approach is actually an approximation. Even the absorption spectra is well resolved, it is
difficult to tune the excitation XAS energy exactly to the desired value. Experimental as well as
theoretical reasons are responsible for this. However it is reasonable to expect that in the excitation
energy region very closed to the XAS edge, the emission spectra should resemble the density of
states.

8Actual address: Center for Computational Materials Science, Code 6390, Naval Research Lab-
oratory, Washington, DC 20057, United States
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Figure 3.14: XPS valence band of Mn[N(CN)2]2. In the lower part the resonant XES
spectra of constituents are presented.

mentioned XPS and XES probe occupied density of states so that the minority states
are neither present in the XPS valence bad spectrum nor in the Mn XES curve. All the
structures A−F have been reproduced by the density of states curve. By accounting
the elemental contribution to each of them, conclusive remarks can be made with
respect to each key structure in valence band. Region F has large contribution from
the N 2s, C 2s and C 2p orbitals and approximately resembles the composition of 2sσ
bonding orbital for an isolated cyanide CN− molecule which is: 50% N 2s, 20% C 2s,
10% N 2p and 10% C 2p. The 2sσ∗ antibonding states, 2pπ and 2pσ bonding states
are situated about 11.8–14.5 eV above the bonding 2sσ states in CN− which roughly
corresponds to regions B, C and D.

Starting with the lower binding energies the features in the valence band of
Mn[N(CN)2]2 can be thus assigned as it follows:

• F with a maximum at about 23 eV binding energy (Figure 3.14) has contribu-
tions from the N 2s, C 2s and C 2p atomic orbitals and roughly corresponds
to the 2sσ bonding orbital of the cyanide radicals C≡N−. It is thus not only
visible in the N Kα XES spectrum but also present in the C Kα emission data

• E positioned at 15 eV is almost entirely due to N 2p states of the nitrogen atoms
that form the local axis of symmetry i.e. N − Mn − N axis of Mn[N(CN)2]2
molecule. Its weak signal can be observed in the N Kα XES spectrum.

• D at 13 eV correlates with the N and C Kα XES spectra and resembles the
antibonding 2sσ∗ molecular orbital in the cyanide C≡N− radical. It is visible
in both the N and the C Kα XES spectra.
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Figure 3.15: Calculated total and projected densities of states for Mn[N(CN)2]2 (from
[152], see text for further details).

• C visible at about 9.3 eV comply with the composition of the bonding 2pπ
molecular orbital of C≡N− and is strongly emphasized in both the N and the
C Kα XES spectra. It corresponds practically to the maximum of the C Kα
XES spectrum and a pronounced shoulder in the N Kα data.

• B present at 5.8 eV has contributions from the Mn 3d, N 2p and C 2p states and
appears in all the resonant XES spectra shown in Figure 3.14. The contribution
from nitrogen and carbon atoms may be assigned as being derived from the
2pσ molecular orbital of C≡N− radical. Its position correlates with a distinct
shoulder of the C Kα spectrum and a local maximum in the N Kα spectrum.

• A at 3.4 eV corresponds to the higher occupied molecular orbital and its compo-
sition, as revealed by electronic structure calculations, is almost exclusively due
to Mn 3d states. It accounts for the maximum visible in the Mn Lα resonant
spectra. It is also visible as a local maximum in the N Kα spectrum.

The relative different weights for the composition of each structure, as resulting
from the analysis of XPS/XES intensities and theoretical predictions, is due to the
different atomic subshell photoionization cross sections.

An experimental proof for the Mn2+ valence state may also be derived from
the non–resonant L–emission spectra of manganese states [152]. The comparison
of intensity ratio of the Lα,β lines of the spin–orbit dublet in Mn[N(CN)2]2 and in
reference manganese compounds also suggested the above mentioned charge state.
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Figure 3.16: XPS valence band spectrum of Fe[N(CN)2]2 and XES resonant spectra
of constituents.

The analysis of the valence band region of Fe[N(CN)2]2 (Figure 3.16) is analogous
to the manganese dicyanamide compound9. The resonant XES spectra were included
in the picture following the same procedure as for Figure 3.14. Most of the structures
due to nitrogen and carbon are retained (F − C), only those close to Fermi level
show some changes (B − A). The feature D becomes less visible and its position in
derived from shoulders in both XPS valence band and C Kα XES spectra. Peaks
C and B remain well visible on the XPS/XES spectra. The maximum of resonant
metal L–emission spectrum is shifted to a higher binding energy as expected from
the higher occupation of the 3d orbital (Fe2+ and consequently 3d6 configuration).
Additionally a new feature (A′) is present. Its position correlates with a pronounced
shoulder in the Fe Lα resonant spectrum. Based on the XES spectra the electronic
density composition of feature A′ may be derived as mixture of Fe 3d and N 2p
states. Accounting for the molecule geometry one can imagine a model scenario like
this: the minority spin states of the 3d orbital become occupied when compared with
Mn[N(CN)2]2 and thus the whole 3d band sinks on the energy scale. This also means
the localization of 3d electron density is more pronounced in Fe[N(CN)2]2 than it was
in the manganese compound. Fe 3d states hybridize with states of N atoms of the
local geometry.

The valence band analysis of the dicyanamide compounds with Ni and Cu can be
performed using the same receipt. Along the series common features of the XPS/XES

9Up to now electronic structure calculations are not available for further compounds in this series.
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Figure 3.17: XPS valence band spectrum of Ni[N(CN)2]2 and the resonant XES spec-
tra of constituents.

spectra may be observed and thus a consistent assignment for the visible structures is
possible. For this reason only the main features are mentioned below. As in the case
of Fe[N(CN)2]2 some of the maxima conserve their position and this may be related to
the dicyanamide–derived orbitals. Thus the structures F −C keep their meaning and
the binding energy position. The gradual filling of the 3d orbital leads to a further
shift to lower BEs of the gravity center of the d–band, as visible in the Ni and Cu
Lα XES spectra. A somewhat changed situation is present in case of Cu[N(CN)2]2
where the depth of Cu states on the BE scale leads to metal contributions even in
the C region. Furthermore the maximum of C Kα is not so well defined as in case of
compounds with Mn, Fe or Ni. It should be noticed that the superposition of metal
and C,N states on the BE scale does not really mean hybridization since according
to the geometry of the crystal they may be localized in different regions of the solid.

Beside the occupied states, the valence band region was investigated with respect
to the unoccupied states by means of XAS. The most attractive are from this point of
view the 3d–metal states situated above the Fermi level. In Figure 3.19 two examples
are presented. The spectra represent excitation from the 2p core levels into the 3d
unoccupied valence states.

For the Mn XAS spectrum, the peaks at 639.8 eV and about 641 eV incident
photon energies correspond to the excitation on the two main bands represented above
the Fermi level in Figure 3.15, since the energy separation between the corresponding
maxima is almost the same. As it will be seen later these correspond to t2g and
eg derived bands. The further features at about 638.7 eV and 643.3 eV should be
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Figure 3.18: XPS valence band spectrum of Cu[N(CN)2]2 along with resonant XES
spectra of constituents.

accounted in the more general theory of atomic multiplets. Just a simple comparison
with the results presented in [153] indicate that the actual XAS spectrum is closed
to the XAS spectrum of Mn2+ in Oh surrounding for 10Dq ≈ 0.9 eV. It can be also
supposed that the axial elongation of the octahedral symmetry can account for the
two mentioned structures like is was proposed for example in [154]. However without
proper calculations such an idea still remains a supposition.

Both axial distortion end energy resolution may be also responsible for the shape
of Fe XAS spectrum. It does not look like the calculated spectra for Fe2+ in [153].
A double maxima structure at about 706.9 eV and 708 eV probably account for the
equally sized unoccupied t2g and eg (see next section for a complete description).

3.2 Discussion on the electronic structure

The comparison between the XPS valence band spectra and M Lα XES spectra
converted to the binding energy scale can be used to separate the contribution of
TM ions and bridging dicyanamide groups to the electronic structure. Two aspects
are relevant in this direction. The first is that the electronic states arising from the
dycianamide groups are roughly retained in the molecular crystal. The corresponding
features in the XPS valence band spectra conserve their maximum along the series.
With these considerations molecular crystals of this kind can be probably considered
as an intermediate step between free molecules and solids with long order interatomic
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Figure 3.19: XAS spectra of the manganese and iron 2p edges in Mn[N(CN)2]2 and
Fe[N(CN)2]2.

interactions. Secondly, the electronic states of TM ions are marked by the deepening
of 3d–states when going from Mn to Cu which correlates with the gradual filling of
3d4s orbitals. In a simple model it is not possible to account with accuracy for the
complicated M 3d4s–(C,N)2s2p hybridization effects but nevertheless one can get a
intuitive picture on the electronic structure.

The common structure characteristics for the valence band region of TM di-
cyanamide materials are marked in Figure 3.20 on the XPS valence spectra. Their
corresponding maxima and shoulders in the XES spectra may be followed in Figures
3.14–3.18. The resonant N 1s XES spectrum generally shows two maxima at lower
binding energies (3.0–4.5 eV and respectively 5.3–7.6 eV) while a shoulder is present
at about 9.2–10 eV. Some smaller structure is visible or must be accounted at 12–
13 eV. The C 1s resonant XES spectra are marked by a maximum at 9.2–9.8 eV. At
lower binding energies with respect to it a shoulder is visible at the same positions as
the second intensive structure of the resonant N 1s spectra (5.3–7.6 eV). At higher
values of binding energy a shoulder is present at about 13–14 eV. Another visible
structure can be found at 22–23 eV.

With these considerations the maxima discerned in the XPS valence band spectra
(Figure 3.20) can be assigned as the following:

• F with a maximum at about 23–24 eV binding energy has contributions from
the N 2s, C 2s and C 2p atomic orbitals as explicit calculated for Mn[N(CN)2]2.
Since it is a deep state its composition is expected to be independent on the
nature of transition metal ion and to corresponds to 2sσ–derived bonding orbital
of the cyanide radicals C≡N−. The feature F is reflected in the C Kα emission
spectrum but fails to be visible in the N 1s XES spectrum according to its
composition and selection rules.
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Figure 3.20: XPS valence band spectra of M[N(CN)2]2 (see body text for further
details).

• E positioned at 14.0–15.4 eV is almost entirely due to N 2p states of the nitrogen
atoms that form the local axis of symmetry i.e. N−M−N axis of M[N(CN)2]2
molecule. Its position is slightly shifted when substituting the metal ion which
suggest that at this depth on the binding energy scala electronic states due to
the metal ion are utterly absent. This is confirmed by all the resonant Lα XES
spectra even for the case of Cu[N(CN)2]2 which has lowest lying states on the BE
scale among the transition metals. The small changes may be attributed to the
various 3d occupancy of TM ions which implies different Coulomb repulsions.
The structure E can be observed in the N Kα XES results.

• D at 11.0–13.0 eV correlates with the N and C Kα XES spectra and in case of
Mn[N(CN)2]2 resembles the orbital composition expected from the antibonding
2sσ∗ molecular orbital in the cyanide C ≡ N− radical. It is visible in both N
and C Kα XES spectra as well as to some small extent in the resonant Cu Lα

spectrum. The last has no necessary hybridization meaning although it cannot
be excluded. For the further discussions the position of structure D is defined
according to the shoulder in C Kα spectra and the corresponding local maximum
in the XPS spectra.

• C visible at 8.5–10.0 eV comply with the atomic orbital composition of the
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bonding 2pπ molecular orbital of C ≡ N− and is strongly emphasized in both
N and C Kα XES spectra. For further reference the C structure is defined as
the maximum in the C Kα as well as the corresponding structure of the valence
band spectrum. It is important to mention that this feature is also visible as a
shoulder in the metal XES spectra which accounts for hybridization with 3d4s
metal states.

While the above mentioned structures in the XPS valence band spectra can be
globally defined for all the investigated samples, the other local maxima (B, A and
A′) request a deeper attention. The gravity center of transition metal 3d4s states
shift to higher binding energy from Mn to Cu as the occupancy of the valence orbital
increases. Furthermore the patterns are relatively complex and thus the features
cannot be really traced back to their elemental composition. Even the assignation of
structure C is not so ’clean’ as that of F or D.

• B present at 5.1–7.4 eV was shown to have contributions from the M 3d, N 2p
and C 2p states for the case of Mn[N(CN)2]2 and appears in all the resonant
XES spectra. It is defined as the region corresponding to the second intensive
local maximum in the resonant N 1s spectra. In the investigated 3d–metal
dicyanamide series the overlap with metal 3d4s states increases from Mn to
Cu. For Cu[N(CN)2]2 the feature B even coincides to the maximum of resonant
Cu Lα spectrum. In all the metal resonant XES spectra its position is marked
by a shoulder or maximum. For the sample which contains copper the situation
is somewhat changed. The features B and A rather coincide due to the sinking
of 3d states on BE scale. Within a rough approximation one can attribute the
B maximum to density of states derived from the 2pσ orbitals of cyano group
which hybridize with metal 3d4s states.

• A is visible at 3.4 eV for Mn[N(CN)2]2 corresponds to the higher occupied molec-
ular orbital and its composition is almost exclusively due to Mn 3d states, as
mentioned above. In case of the sample with iron (A at 4.4 eV) it still corre-
sponds to the maximum of metal XES spectrum although a shoulder becomes
visible at about 3.0 eV. This can be traced to the occupied minority–spin 3d
states of Fe. For Ni[N(CN)2]2 structure A (4.4 eV) still resembles a 3d maximum
of the resonant metal emission spectra while for Cu[N(CN)2]2 the maximum
shifts to structure B, as previously mentioned. Formally A may be assigned to
the maximum in the metal Lα spectra.

• A′ at 2.5–4.0 eV generally corresponds to the first maximum in N Kα spectrum.
Since this location is conserved along the series, feature A′ also has a rather
constant position. For Mn[N(CN)2]2 A and A′ coincide. For all the other
samples the feature A′ is accompanied by a shoulder in the metal XES spectra
resembling a certain M–N hybridization in this region of the BE scale.

Based on the information acquired, the aim of the following discussion will be the
modelling of the whole density of states distribution from elemental and molecular
’building blocks’.
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Figure 3.21: Schematic representation of the cyanide molecular orbitals.

As previously suggested an ’effective building block’ is the CN group. This is
not unexpected since, for example, in the well understood Prussian Blue compounds
or other cyano complexes the CN groups retain its characteristic chemical bonding.
This idea was additionally underscored by the core–level XPS investigations and by
electronic structure calculations for the actual specific case (see previous section).
In Figure 3.21 the result of a semi–empirical calculation for the cyanide group is
presented. It was performed with the quantum chemistry package MOPAC 10. In the
lower part mainly the C 2s and N 2s states are mixed and give rise to the 2sσ bonding
and 2sσ∗ antibonding molecular orbitals, although there are also some contributions
from the C,N 2p states. At higher energies the 2pπ, 2pσ, 2pπ∗ and 2pσ∗ result from
the overlap of C 2p and N 2p states.

Such two cyano groups and one nitrogen atom are contained in the dicyanamide
group (pseudo C2v symmetry). As presented in Figure 3.22, the contribution of each
CN− group to the dicyanamide electronic states is already complex but their contri-
bution to the overall density of states can be still traced back to group components.
In fact one can imagine that all the molecular orbitals can be derived from CN−

electronic states which are now mixed with those of the central N and are labelled
now as 2pπ or 2pσ. In the solid all these energetic levels (orbitals) will transform into
bands accounting for the symmetry and periodicity of the solid.

The other building blocks of the investigated samples are the transition metal
ions M2+. They are placed in an axially distorted octahedral geometry given by ni-
trogen atoms. The electronic configuration of transition metal ions is schematically
represented in Figure 3.23 for several ligand geometries. In octahedral environment
Oh (sixfold coordinated) the crystal field reduces the degeneracy of the fivefold de-
generated atomic d level (see for example [155]) which then splits into a threefold
and a twofold degenerate states. The electrons on the threefold degenerate state are
designated as t2g (Mulliken notation) or dε (Bethe notation) electrons. The electrons

10Please note the different energy scales for the atoms and CN− group.
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Figure 3.22: Schematic representation of the dicyanamide electronic structure.

corresponding to the twofold degenerate state are denoted as eg (Mulliken) or dγ

(Bethe). The symmetry of these states implies that t2g triplet corresponds to the dxy,
dyz and dzx atomic orbitals while the eg doublet transform as the dx2−y2 and d3z2−r2

orbitals. In octahedral surrounding the eg electrons suffer a greater electrostatic re-
pulsion from the anion than the t2g electrons. The corresponding splitting is generally
denoted as 10Dq. For the M2+ cations in dicyanamide materials the high–spin elec-
tronic configuration in cubic crystal field is then given by: 6A1g: t32ge

2
g for Mn2+, 5T2g:

(t22g)t
2
2ge

2
g for Fe2+, (t42g)t

1
2ge

2
g for Co2+, 3A2g: (t62g)e

2
g for Ni2+ and 2Eg: (t62g)e

3
g for

Cu2+. The paired electrons which do not contribute to the cation spin moment are
indicated in parentheses. For axially distorted octahedra the symmetry is reduced
to D4h and the degeneracy is further reduced. The orbitals owing symmetry with
respect to the z axis are the separated from the rest. The elongation also leads to a
convenient spacial representation of the electronic lobes of each orbital by setting an
unique z axis.

t2g

eg

free ion

x  − y2 2

3z  − r2 2

xy

zx, yz

o
h D4h

crystal field
cubic

Figure 3.23: Octahedral unit and scheme of the crystal field splitting of the d–states.
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Additional to the crystal field splittings presented in Figure 3.23, the magnetic
interactions give rise to a spin–up ↔ spin–down separation. This is larger than the
crystal field splitting and all the ions are present in a high–spin state.
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Figure 3.24: Schematic drawing of the electronic structure in dicyanamide materials.
The upper four panels show the 3d density of states for the TM metals while the
lowest panel indicate the C,N occupied states.

The qualitative distribution of the density of states is presented in Figure 3.24.
For the sake of simplicity the Oh notations were still used even for the distorted
octahedral symmetry and this convention will be further applied when meaning t2g

and eg–derived bands. In fact the irreducible representation T2g in Oh becomes B2g +
Eg in D4h and Eg becomes A1g + B1g under the same transformation.

In the upper panel the Mn 3d states are shown in agreement with the electronic
structure calculations presented in [152]. Beside the occupation of t2g and eg derived
bands, some small distributions account for the hybridization in the regions B and C
of the valence band i.e. hybridization with the 2pσ and 2pπ derived bands resulting
from the dicyanamide groups. Further below (second panel) some spin–down t2g states
become occupied for Fe2+. The carbon and nitrogen states are assumed to remain
rather unchanged and are thus presented in only one panel for all the compounds. In
case of Ni[N(CN)2]2 and Cu[N(CN)2]2 the filling of the 3d bands leads to a further
occupation of the t2g and eg spin–down states.

3.3 Analysis of the magnetic superexchange inter-
action

The state of the art approach of the magnetic interactions in solids is based on
complex computational procedures. In an oversimplified picture this follows like this:
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one calculates the total energy of the system in the ferromagnetic (FM) and antiferro-
magnetic (AFM) configurations of magnetic moments and decides which one has the
lowest energy. For example this has already been done in case of the Mn[N(CN)2]2
compound and was shown that the AFM alignment is energetically more convenient
[152]. In this section qualitative explanations for the coupling between the magnetic
moments will be attempted mainly with respect to the sign of magnetic interactions.
The aim is to discern the factors responsible for the tuning of FM configuration for
compounds with Co and Ni, while those with Mn and Fe were shown to have a canted
AFM alignment. Since the the ferromagnetic coupling is still a exceptional case in the
molecular chemistry, the patterns which favor FM alignment are of highly interest.

The sign of exchange coupling along the isostructural series can be generally
accounted by two overall factors: the crystal structure and the nature of magnetic
ions. The structure conserves the symmetry but is changed in terms of intra–atomic
distances and bonding angles along the series. The nature of magnetic ions is first
important with respect to the occupancy of magnetic orbitals. On the other hand
the above separation into two main factors is arbitrary: the nature of magnetic ions
directly influences the crystallographic structure due to the different ionic radii. An
example from this point of view was delivered by Subramanian et al. on the perovskite
SeCuO3 [156]. In this particular case the gradual substitution of Se4+ ions (small
radius) with Te4+ ions (large radius) resulted in a crossover of the magnetic interaction
between Cu ions from FM to AFM ground state. The Cu–O–Cu angle was accounted
for this change of sign thus resembling the structural tuning factor. In line with
these considerations Kmety et al. [135] proposed that for the dicyanamide series the
responsible factor is of structural nature: the M–C–M angle should changes from
140.4◦ to 142.6◦ going from Mn[N(CN)2]2 to Ni[N(CN)2]2 and thus a crossover value
of 142.0◦ was extracted for the superexchange (SE) angle. Mn2+ has the largest ionic
radius in the series while Ni2+ has the smallest. No explanation which accounts for
the crossover was proposed. Furthermore it remains unclear wether the structure or
nature of magnetic ions (or both) are responsible for the above described behavior.

The first step in the analysis of the actual system is to discern for the eligible
magnetic interactions. The situation is schematically presented in Figure 3.25 while
the corresponding patters can be followed in Figure 3.2 representing the unit cell of
the crystal.

N
C

NN

MM

M

C

J J

J

Figure 3.25: Possible magnetic exchange interaction patters in the dicyanamide ma-
terials.

The first interaction to be accounted for is the direct metal to metal exchange
(J′). The magnitude of J′ depends on the overlap of magnetic d orbitals on TM ions
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and appears to be practically zero. This can be estimated by taking into account the
distance between cations: the direct interaction coupling rapidly decreases with re-
spect to the inter–atomic spacing. In the cubic TM oxides the atom to next–neighbor
distances reach some 5.9 − 6.3 Å. Consequently the direct exchange interaction is
utterly zero (see for example [157] or [158]). For the dicyanamide compounds the
situation is similar, the cation–cation spacing (from 5.8 to 6.1 Å) being comparable
to the TM oxides. Concluding, the J′ contribution to the exchange will be neglected
in the following analysis.

The second and third exchange interactions marked in Figure 3.25 with J′′′ and
J′′ represent indirect or superexchange patterns. In these cases the TM cations are to
be regarded as ”source” of magnetic moments while the organic species owing filled
orbitals provide the exchange paths. In case of J′′ the SE pathway corresponds to
M–N–C–N–M i.e. middle nitrogen to end nitrogen in the dicyanamide group. For
J′′′ the SE pathway is given by the end–to–end [N(CN)2]

− group. As originally pro-
posed by Anderson in its kinetic form the SE interaction occurs with the excitation
of an electron from a bridge–anion orbital into the partially filled d orbital of the TM
cation [159–161]. For the case of a 180 degrees cation–anion–cation SE interaction
Goodenough [162] estimated that a further anion in the bridge would weaken the
strength of interaction by about an order of magnitude. These considerations suggest
that J′′′�J′′ and J′′′ can be neglected. A direct corroboration for this assumption
was in fact delivered by theoretical calculations [152]. In order to determine the su-
perexchange interaction calculations for the FM (↑↑) and AFM (↑↓) configurations
were performed for the bulk material and embedded cluster models. The 2–unit clus-
ter used is presented in Figure 3.26. It is composed by two Mn[N(CN)2]2 molecular
units, six additional dicyanamide units which account for the octahedral surrounding
of each Mn2+ ions as well as six sodium atoms on Mn positions in order to achieve
overall charge neutrality. Both bulk and cluster calculations indicate that the system
in the AFM configuration is favored over FM order with about 18− 20 meV per for-
mula unit. Since in the 2–unit cluster there is no end–to–end dicyanamide interaction
pathway, this finding actually accounts for the relation J′′′�J′′. Another justification
is given by the previous studies focused on materials which contain the dicyanamide
bridge as SE pathway. In case of the one–dimensional compound presented in [163]
the geometry of the end–to–end [N(CN)2]

− superexchange path is roughly comparable
with those in the investigated systems but the bridge is composed by two [N(CN)2]

−

units. The coupling results to be antiferromagnetic (J < 0) with a very low estimated
value of 0.3 − 0.4 cm−1. This result practically resembles a system of non–coupled
magnetic moments and shows that the the end–to–end [N(CN)2]

− is a very poor SE
mediator11. In conclusion, in the following by SE pathway will be referred to the
M–N–C–N–M, J′ and J′′′ being neglected.

The magnetic interaction between two weakly coupled spins �SA and �SB localized
on the molecular units A and B can be described in terms of spin–only Heisenberg–
Dirac–Van–Vleck Hamiltonian:

H = −2J �SA
�SB (3.14)

11See also the results for the thematically related azido–bridged transition metal complexes [118,
164–167]. The information will be used later in the analysis of the M–N–C–N–C bridges.
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Figure 3.26: 2–unit embedded cluster used for electronic structure calculations of
M[N(CN)2]2 compound.

where J is the single exchange integral. With this sign convention J > 0 denotes
the ferromagnetic coupling between spins while J < 0 stays for the antiferromagnetic
coupling. It is worth to notice that the Hamiltonian described in Equation 3.14 is
purely phenomenological and leaves out the mechanism of interaction. Denoting by
a and b the singly occupied molecular orbitals (SOMOs) on A and B, the exchange
coupling constant in a simple Heiter–London model is given by:

J = 2βS + K (3.15)

where:

S =

∫
a b dv (3.16)

is the overlap integral,

β =

∫
a h b dv (3.17)

is the resonance integral and

K =

∫
a(1)b(2)

e2

r12

a(2)b(1) dv (3.18)

is the two–electrons exchange integral. The integrals β and S have opposite signs
so that their product in negative i.e. antiferromagnetic contribution. The term K
is necessarily positive and thus stays for ferromagnetic coupling. Generally 2βS is
dominant and the coupling is antiferromagnetic. From Equation 3.15 it becomes clear
which are the conditions to be fulfilled in order to achieve a FM alignment between
the spins of units A and B:

(i) the two SOMOs are orthogonal or quasi–orthogonal. This relation leads to the
vanishing of the antiferromagnetic term.

(ii) the two electron exchange K is large enough to provide the stabilization of FM
alignment. This is achieved when the product ab is large i.e. the overlap density
is large in some regions between A and B.
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These conditions look apparently simple and should serve as a solid basis for further
discussions. However their practical utility is only accidental. The main reason is cer-
tainly the construction of proper SOMOs which is usually quite arbitrary. Only if the
molecular complex has naturally separated molecular units this approach may repre-
sent a worthy practical approach [168]. Secondly, the situation becomes rather com-
plicated if the A − B exchange interaction includes more than two SOMOs. Among
the advantages of such orbital approaches, their modelling power is probably the
most important. Up to now three main directions may be ’distilled’ in the filed of
magneto–chemistry: the molecular–orbital model proposed by Hay et al. [169], the
valence bond model with ’natural orbitals’ developed by Kahn and Briat [170] and
the broken symmetry–model of Noodleman [171]. A quantitative comparison of these
models can be found in Reference [172]. Even such approaches represent considerable
contributions to the understanding of extended SE bridges, their practical applicabil-
ity is restricted to certain conditions. For the particular case of currently discussed
systems they would become so complex that they will certainly lose their appealing
features as models.

In order to define the principal mechanism of the antiferromagnetic SE interac-
tions some parameters are essentials. The first is the on–site Coulumb interaction U
also known as Hubbard parameter:

U = E(dn+1) + E(dn−1) − 2E(dn) (3.19)

Another important factor is tij which represent the hoping–integral between the or-
bitals i and j. Anderson [160, 161] has shown that the virtual hopping of electrons
from the diamagnetic bridge to TM cation leads to a lowering of the total energy for
the antiferromagnetic state. The kinetic exchange coupling parameter is given by:

Jkin
ij = −2tij

U
(3.20)

For usual insulating materials typical values of the transfer integrals tij are about
0.1 − 0.5 eV, U has values between 5 and 10 eV and thus the magnitude of Jkin

ij is
situated between -10 and -500 K [173]. For the sake of simplicity, Anderson dealt
with orthogonal magnetic orbitals and the excited virtual states were derived from
their semi–localization. For simple TM oxides the charge–transfer energy ∆ must
be included in order to get a more rigorous account of the SE mechanisms. This is
defined as:

∆ = E(dn+1L) − E(dn) (3.21)

In fact in the Anderson mechanism, one starts from the assumption that U << ∆
which corresponds to pure Mott–Hubbard insulators. As evident from the Zaanen–
Sawatzky–Allen diagram [144] this is only a particular case. The Anderson theory
was consequently improved to account for charge–transfer materials and a very good
agreement for the Néel temperatures was achieved [174]. In the model proposed by
Anderson the most important ferromagnetic contribution is the electrostatic exchange
interaction also called ferromagnetic potential exchange [160, 161]:

Jpot
ij = 〈ij|ji〉 (3.22)
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This contribution is equivalent to the factor K listed in Equation 3.18. Hence, the
overall exchange coupling has a form which resembles those of Equation 3.15.

Jij ≈ Jkin
ij + Jpot

ij (3.23)

where is was emphasized that only the two main contribution have been so far ac-
counted. Later Goodenough [162] and Kanamori [175] employed the orbital symmetry
and improved the SE model of Anderson. They provided semi–empirical qualitative
criteria for the sign and strength of SE interaction. They are nowadays known as the
Goodenough–Kanamori–Anderson (GKA) rules.

It would be of course desirable to apply the GKA rules for the dicyanamide
materials as intended in Reference [135] and account on this way for the AFM–FM
crossover. Since the antiferromagnetic contribution could be in principle attributed
to SE interaction over the extended bridge, the key of the problem would be the
revealing of factors responsible for ferromagnetism. Following the GKA rules this
should result from certain symmetry aspects. However such an approach is related to
the existence of 180◦ or 90◦ cation–bridge–cation interactions which are not present
for the current materials. Accordingly the GKA rules deliver no output for the
dicyanamide materials. A good example related to this issue might be the compound
CuGeO3 presented in [176] where side groups modify the 90◦ interaction in a consistent
way.

The sum of above comments clearly indicates that the analysis of SE interaction
in dicyanamide materials certainly request a specific approach. This will be done in
the following.

The first step is related to the general accounting of ferromagnetic component of
the SE interaction in a kinetic model. Hence the usual employed terms are related to
the SE between two half–occupied metal orbitals J(e, e), the SE interaction can also
occur between half–filled and empty orbitals J(e, 0), one full and one half–filled orbital
J(ee, e) and finally one full and one empty orbital J(ee, 0). Actually an extended SE
model may be build up onto this idea first suggested by Anderson [177] and extended
by Goodenough [162]. The further term of SE interaction arise in higher orders of
perturbation theory and their magnitude is lower. For example, the magnitude of
J(e, 0) interaction is given by [173]:

Jij(e, 0) =
∑

j′

t2ij′Ij′j

U2
(3.24)

where Ij′j is the intra–atomic exchange integral. This SE mechanism accounts for a
ferromagnetic contribution and can be quite efficient when the electron transfer into
empty shells is strong. Since the I/U ratio is roughly 0.1, the J(e, 0) interaction can
reach about 10 − 20% of the conventional kinetic exchange. In a series of papers,
Weihe and Güdel discussed on the problem of SE interaction and suggested some
trends [178–181]. They shown than the intra–atomic exchange integrals are in general
proportional to the number of unpaired electrons of on the metal ion: In = nI, where
it was generally assumed that the mentioned exchange integral is the same for all
orbitals. Additionally they parameterized all the possible SE contributions and by
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assuming realistic values of the parameters they show that their magnitudes generally
obeys:

|J(e, e)| > J(e, 0) � J(ee, e) > |J(ee, 0)| (3.25)

Thus, while J(e, e) and J(ee, 0) resemble antiferromagnetic contributions, the values
of J(e, 0) and J(ee, e) are positive. An overall AFM interaction can then arrive in
the frame of kinetic model when J(e, e) is zero or very small and J(e, 0) or J(ee, e)
becomes dominant. Moreover, since the late TM ions have no unoccupied 3d orbitals,
in the frame of kinetic SE model the only possible ferromagnetic contribution results
from J(ee, e).

The second step of this analysis deals with the description of the SE interactions
for dicyanamide materials based on the information gathered on the electronic struc-
ture. There are two main SE paths in the electronic structure of the dicyanamide
bridge: the 2pσ and 2pπ derived orbitals. The efficiency of each path may be de-
scribed as being dependent on two factors: the energy difference to the levels of 3d
cation and their reciprocal overlap. The first factor can be evaluated from the valence
band studies. Its physical meaning may be understood in terms of virtual hopping
as originally proposed by Anderson: a large energy difference implies a low hooping
efficiency and thus a weak SE interaction. The second factor is more complex and
cannot be unambiguously defined. Some recipes for simple structures can be followed
in frames of the angular overlap model [182–184]. Consequently the strength of each
path will be described in terms of a co–valency parameter like:

λ =
〈bridge|Heff |metal〉

Emetal − Ebridge

(3.26)

where bridge and metal represent the orbitals of the dicyanamide group and TM ion
which are responsible for the SE magnetic interaction. This equation actually includes
the factors relevant for the evaluation of the transfer integrals tij in Equation 3.20.

Figure 3.27: Cluster used in the discussion of superexchange interaction.

For simplicity only two hexa–coordinated M2+ ions will be considered as pre-
viously considered for the cluster calculations (Figure 3.27). This cluster seems to
be sufficient for the description of sign and magnitude of magnetic interaction as
shown for Mn[N(CN)2]2 [152]. The N atoms situated on the local axis of symme-
try of distorted octahedra are denoted with Nt while those in the basal plane of
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bi–pyramides are denoted with Nb. With this notation the SE pattern is written as
M2+ − Nt − C − Nb − M2+. In the series the M2+ − Nt − C angle is about 120◦ and
the C − Nb − M2+ about 175◦. Because of this geometry not all the SE mechanisms
are equally favored.

Let us take the virtual hopping of a eg electron from the d3z2−r2 orbital on the SE
path given by the 2pσ orbital. It is acceptable to imagine the lobes of the 2pσ orbital
of the dicyanamide group to be oriented along N ≡ C−N−C ≡ N or, in other words,
along Nt − C − Nb. Thus the M2+ − Nt − C fragment represents an effective metal
d3z2−r2 to bridge 2pσ overlap. On the contrary, the C−Nb−M2+ results in a reduced
d3z2−r2 to 2pσ overlap in the second MN6 rhombus–shaped unit. Both consideration
make use of the orientation of d3z2−r2 orbital along the symmetry axis of structural
bi–pyramides. In spite of this, the C−Nb−M2+ may be characterized by an effective
overlap between the bridge 2pσ orbital and t2g orbitals in the array C − Nb − M2+.
It takes into account the orientation of the t2g electronic lobes in the basal plane
of bi–pyramides. This means: the geometry of the bridge and its relative spacial
orientation to the MN6 units lead to a dumped down eg ↔ eg magnetic SE but to
an effective eg ↔ t2g SE when accounting for the 2pσ bridge orbital. To be noticed is
that, for the sake of simplicity, the labels specific for the octahedral symmetry were
still used even the MN6 exhibit an axial distortion (see previous section).

For the above considerations the virtual hopping from a 3d ion to the neigh-
boring nitrogen atoms was considered to be equivalent to the metal to dicyanamide
hopping. This is reasonable since the distance between magnetic ions is comparable
to those of the simple metal ions even the bridge is now formed by three instead of
one diamagnetic atom.

Analogous, the SE effectiveness of 2pπ orbital can be discussed. The elec-
tronic lobes of this orbital can be considered to have mirror planes perpendicular
to N ≡ C − N − C ≡ N. As discussed above for the Equation 3.27, the terms to be
considered are overlap and energy difference between orbitals. A glance on Figure 3.20
reveals in the case of Mn[N(CN)2]2 a 3d metal to 2pπ energy difference of ≈ 5.5 eV.
This value enters the denominator in Equation 3.27. For the 2pσ SE path the corre-
sponding value is about 3 eV which means a two times lower magnitude. Additionally
the overlap of the 2pπ orbitals to that of 3d ion can be considered to obey [184]:

|eσ| > |eπ| (3.27)

where eorb denotes the metal–to–ligand interactions. The sum of these aspects suggest
that the strength of the 2pπ SE path can be considered to be low when compared to
2pσ and will be neglected in the following analysis.

Let us now apply the above considerations for the cases of compounds with Mn
and Ni. The choice is motivated by the fact that Mn2+ has all the 3d orbitals half–
occupied while Ni2+ has full t2g orbitals and half–occupied eg orbitals. Thus, for
Mn[N(CN)2]2 the eg ↔ t2g SE interaction represents a J(e, e) interaction, which is
negative. On the contrary, for Ni[N(CN)2]2 the J(e, e) is dumped down by the bridge
geometry and eg ↔ t2g magnetic SE is reduced to J(ee, e), which is positive. The
situation for the compound with iron is intermediate but since two t2g electrons may
still interact in SE terms with two eg electrons, the J(e, e) interaction is still dominant.
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For the case of composition with cobalt12 the occupancy of t2g is higher and it seems
like J(ee, e) becomes dominant and the classic SE is suppressed.

Some additional aspects are to be elucidated. The first is related to the physical
meaning of the above consideration. Namely, if correct, such an approach should be
also valid for other types of compounds. Indeed, the ferromagnetic nearest–neighbor
interaction in NiO can result from co–valency effects as proposed in [145, 185]. This
happens if the half–filled eg electrons and the filled t2g electrons on the nearest–
neighbor ion are responsible for SE interaction, which is really the case according to
the geometry of the ligand orbitals. Moreover, one can also account for the magnitude
of the 90◦ covalent SE in NiO [181]. Hence the above mentioned approach leads to a
similar result as expected from the potential exchange and may be considered as an
alternative approach.

The second aspect is the evaluation of the coupling constant magnitude which is
done is the following for the compound containing Ni. The ferromagnetic contribution
J(ee, e) has a form similar to that of J(e, 0) (see Equation 3.24). The values of ti,j can
be extracted from the parameters used in the simulation of 3s–splitting (see References
[174, 186]). With t = T 2/∆ where T ≈ 0.9 eV, the redefined SE value of the Hubbard
energy USE ≈ 10 eV [174], ∆ ≈ 3 eV, I = nI0 ≈ 0.4 eV with I0 ≈ 5000 cm−1 [178]
and n = 2 the number of unpaired spins, the exchange coupling constant becomes:

J = 2

(
T 2

∆

)2
I

U2
≈ 6 · 10−4 eV (3.28)

Equation 3.28 uses the redefinition of electronic structure parameters for the pur-
pose of superexchange interaction evaluation as proposed in [174] since the Racah
parameters cannot be neglected. Once again, the above value is comparable with the
expectation for simple transition metal oxides but this is acceptable since the M–M
distances are comparable even for different number of atoms in the SE bridge.

At the ordering temperature the thermal energy equals the magnetic ordering
energy. In a simple molecular field model the coupling SE constant is related to the
ordering temperature as:

Tc =
2JzS(S + 1)

3kB(2S)2
(3.29)

where z is the number of TM neighbors (z = 8 in this case) and S is the cation spin
(S = 1 for Ni2+), kB = 8.61 · 10−5 eV K−1 is the Boltzmann constant. We obtain
a value Tc ≈ 20 K. This estimation is of course accidentally when compared to the
measured value of 21 K since physically reasonable estimations were used. However
it clearly indicates that the order or magnitude of a few tens of kelvin is correct.

Since for Ni[N(CN)2]2 the occurrence of the FM alignment can be explained on
this baseis, for the other compounds some trends can be indicated. So it is ex-
pected that the strength of AFM ordering to be lower for Ni[N(CN)2]2 as compared
to Mn[N(CN)2]2 since SE between half–filled orbitals is reduced according to the 3d
occupancy. For Co[N(CN)2]2, even the J(e, e) is expected to have a non–negligible
value, the J(ee, e) type SE becomes dominant. Furthermore the ordering temperature

12This compound was not included in this work but is mentioned at this point for a more general
view.
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of Co[N(CN)2]2 is expected to be lower than that specific for Ni[N(CN)2]2, which is
experimentally supported by the lower ferromagnetic Curie temperature.

Concluding, based on the electronic structure information, we propose that the
AFM–FM crossover is due to the occupancy of the 3d orbital i.e. the nature of TM
ion. The geometry is responsible for the particular pattern of the SE interaction
but the changes in bounding angles cannot account for the trigger of ferromagnetic
coupling. With these consideration, the crossover angle mentioned in [135] looses any
physical meaning.

Besides the sign of SE magnetic interactions, some other aspects of the mag-
netic behavior are still to be elucidated. Among them the most important are the
anisotropy and the small canting of AFM structures. Although general applicable
mechanisms can be proposed [135], only some hypothesis can be stated without a
corresponding computational approach.

3.4 Conclusions

Investigations on the electronic structure of materials with the M[N(CN)2]2 gen-
eral formula with M = Mn, Fe, Ni, Cu, revealed that they can be regarded as interme-
diate step between free molecules and solids with long order interatomic interactions.
In a combined XPS/XES study it was possible to account for the organic and TM
contributions in the valence band region. This information was used to analyze the
sign of magnetic superexchange interaction. Particular structural factors and the
nature of magnetic ions were found responsible for the occurrence of ferromagnetic
interaction. The validity of this result was underline by the correct estimation of the
order of magnitude for the ferromagnetic ordering temperature.

XPS core–level studies revealed that for M = Mn, Fe the 3s multiplet splitting
can be employed as spectroscopic tool. For compositions with M = Ni, Cu this can
be done only after accounting for the magnitude of the screening effects. This was
performed in frame of an appropriate model for the 3s multiplet splitting in insulators
and employing a novel numerical procedure.

The presented study certainly generally opens the perspective for the same kind
of investigations for other metal–organic compounds or particular molecular magnets.
This is necessary since the computational approach to this class of materials is still
on a challenging level. Several prerequisites are to be accounted. The first is related
to the nature of the sample. XPS measurements request UHV conditions and thus
any sample must keep its molecular structure even at very low pressures. Samples
containing water or other in UHV volatile groups must be carefully handled since they
may collapse and loose their structure. Measurements at low temperatures including
entry–sample configurations at same condition could serve as alternative. Addition-
ally the chemical and crystallographic structure of the samples must be always checked
when the chemical stability is questionable. Further kinds of measurements like the
use of circular dichroism (XMCD) may be regarded as potential and highly valuable
experimental tools for this class of materials.
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Chapter 4

Six–membered ’ferric wheel’
molecule

Ring–shaped clusters with even number of transition metal ions per molecular
unit have gained a lot of attention as attractive models for one–dimensional magnetic
materials and for the investigation of interacting metal ions at the simplest level. In
contrast to the 3d metal–organic compounds presented in the previous chapter, these
molecule–based materials are characterized by a particular crystallographic structure:
the magnetic ions in the cluster are surrounded by a organic ’crown’ which makes the
inter–cluster distances to be high on atomic level. Thus, the inter–molecular magnetic
interactions are utterly negligible and the magnetic behavior is given only by magnetic
interactions inside the cluster. The synthesis and magnetic properties for such cyclic
clusters containing 6 − 18 Fe3+ ions have been reported (see [117, 187, 188] and the
references therein).

A few years ago hexanuclear clusters containing an alkali ion (Li or Na) were
reported [189, 190]. The alkali ion placed in the center of a hexagonal wheel formed
by Fe3+ ions plays an important role in stabilizing the structure and influences the
Fe–O–Fe angles [187, 189]. The S = 5/2 spins are coupled antiferromagnetically in
the sense of a negative exchange coupling constant. The magnetic coupling results
in a total cancellation of the spins and gives a Stot = 0 ground state. This aspect
does not alter the attractiveness of these materials: they are appealing models for
the basic theories of magnetism as spin–dynamic models [187, 191–194] and exhibit
novel types of magnetic behavior [195].

From the specific point of view of electronic structure and magnetism, the men-
tioned clusters have a special relevance due to the oxo–bridged magnetic 3d ions. This
issue is a long standing problem of the magneto–chemistry, most of the studies being
focused on metal dimers (see for example Reference [118]). Among them, the Cu2+

dimers received a higher attention since each of the ions has only a singly occupied
magnetic orbital and additionally it was shown that simple valence bond models are
enough for a qualitative and roughly quantitative approach [118, 169]. The kernel
of all these studies is practically the investigation of the magneto–structural effects
i.e. the dependence of the sign and strength of magnetic exchange coupling on the
distances and angles of the path of interaction. Various complexes resembling oxo–
bridged Fe2+ dimers were also reported in the literature, an exhaustive review being
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Figure 4.1: A ’ferric–wheel’ molecule with six oxo–bridged Fe3+ ions (black atoms).
In the center of the molecule an alkali ion is placed. The O atoms are depicted as
dark grey spheres while N and C atoms are represented by light grey spheres. The
white spheres represent H atoms.

presented in Reference [196]. In [187] it was shown that changes in the bridging Fe–
O–Fe angle results in changes of the exchange coupling. From computational point
of view such molecules are a difficult challenge due to their high number of atoms in
molecule (over 100), their low symmetry and due to the fact that Fe and H atoms are
present. Computational approaches are usually expensive and time–consuming, sim-
pler but reliable solutions being developed. Once again, experimental investigations
are requested to discern about their quality.

In an analogous manner to the previous chapter, specific experimental techniques
were employed for the study of electronic structure. The aim of this study is to get an
experimental description for the electronic structure of a hexanuclear iron ring and to
employ the gained information together with theoretical results in order to elucidate
specific questions related to the magnetic properties.

The present work was performed on samples having the following chemical com-
position: Li ⊂ Fe6[N(CH2CH2O)3]6Cl · 6CHCl3. The samples were synthesized in the
group of Prof. Dr. Rolf W. Saalfrank1 [189, 190] and were kindly made available to
us.

1Actual address: Institut für Organische Chemie der Universität Erlangen–Nürnberg, 91054–
Erlangen, Germany
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4.1 Studies on the electronic structure

The experimental results are briefly presented in this section emphasizing on the
main features. Detailed comments of each experimental finding will be presented in
the section dedicated to discussions.

4.1.1 Sample and specific experimental details

Single crystals of Li ⊂ Fe6L6Cl·6CHCl3 with L = [N(CH2CH2O)3] were drained in
UHV conditions in a small gold crucible. As previously described [187] the hexagonal
unit cells (R3 space group) are preserved upon drying but the lattice parameters a
and b are reduced by about 30%. The conservation of the molecular structure in UHV
conditions is an important advantage.

Because of the insulating properties of the sample, charge neutrality on the surface
was achieved during XPS measurements by using a low–energy electron flood gun.
Precautions were taken in order to monitor possible changes of the surface quality
when recording spectra. A detailed study of the surface damages induced by the X–
rays was performed for more than 48 hours and only after 12−14 hours some changes
in the spectra became visible. These changes were not necessarily due to radiation
damages, another possible factor being the usual covering of the surface with carbon
arising from the rest gas in the main chamber. The recording time of the presented
spectra was less than 8 hours.

For the XAS/XES spectra, crystalline powder was poured on a conductive carbon
adhesive band. Each spectrum was recorded on a different point on the sample in
order to avoid possible artefact features resulting from the sample damage through the
synchrotron radiation. For some of the incident energies the spectra on the same point
were repeated in order to ensure the repeatability. For all types of measurements, the
way the calibration of the spectra was performed is indicated in text.

4.1.2 XPS 1s core–level spectra of C, N and O
Calibration

Since the neutralizer was used during the XPS measurements, the calibration
of the spectra has been performed with reference to a known peak. However, more
non–equivalent positions for carbon atoms can be discerned in the chemical formula
and thus no fully unambiguous calibration receipt can be proposed.

The calibration was performed by comparing the C 1s spectrum with the reference
binding energies of carbon for C∗ in CH2 − C∗H2 − O at 286.35 eV (PTMG from
[141]) and CH2 −C∗H2 −NH at 285.65 eV (PEI from [141]). It was assumed that the
contribution from adsorbed carbon is low and a fit with two peaks with equal areas
was performed assuming a 0.8 eV binding energy difference as constrain condition
(see Figure 4.2). Symmetric Lorentz functions were considered for the shape of each
peak as well as a convolution with a 0.6 eV Gauss line simulating the apparatus
broadening. Due to the calibration the determination of absolute binding energies
implies a lower resolution and the magnitudes indicated in text should be regarded
as having only an approximate value.
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Figure 4.2: XPS 1s core–level line of carbon (left), oxygen (middle) and nitrogen
(right panel) recorded for the ’ferric–wheel’.

In Figure 4.2 the XPS 1s signals of oxygen and nitrogen are also presented. As
expected for a polycrystalline sample and due to the use of neutralizer, the width of
the peaks at the half maximum intensity is rather high. It does not allow the full
employment of the resolving power specific for the experimental setup. The maximum
of the N 1s peak is positioned at about 400.3 eV while the oxygen spectrum exhibit
a maximum at about 531.6 eV.

4.1.3 Iron XPS core–level lines

The partial occupied 3d sub–shell of the iron ions is responsible for the spin
magnetic moments and thus the study of the electronic properties were focused on
the ion lines.

As discussed in Chapter 3, for insulating materials the XPS spectra of TM ions
are a sum of ion specific and material specific features2. However, for ions having
electronic structures close to a half–filled sub–shell like Mn2+ or Fe2+ the final state
screening effects are expected to be low and to change the intrinsic TM ion spectra
to a lower extent than for the late 3d metals.

The Fe 2p lines recorded for Li ⊂ Fe6[N(CH2CH2O)3]6Cl are plotted in Figure
r4.3 along with those of LiFeO2 (from [197]) and FeO (from [51]). The formal valence
state of iron is 2+ in FeO and 3+ in LiFeO2.

Below each line of the spin–orbit components a satellite is visible for all the cases
and it corresponds to the final states with charge transfer contribution. The intensity
and binding energy difference to the parent line are however different. For the two
cases of LiFeO2 and FeO this difference can be explained in simple terms: while going
from a 2+ to a 3+ formal valence state it becomes more difficult to transfer electrons
from ligand to the 3d ion i.e. the charge–transfer energy ∆ is larger. In contrast to
this trend, for the hexanuclear cluster the binding energy difference between main line
(2p53dnL) and charge transfer satellite (2p53dn+1L) is lower and comparable to FeO.
The expected valence state of iron in the ’ferric–wheel’ is 3+ [187, 189]. This rather
unexpected finding reiterates once again that screening effects in the final state of

2Please see Chapter 3 for detailed discussions.
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Figure 4.3: XPS 2p core–level line of iron recorded for the ’ferric–wheel’, LiFe3+O2

and Fe2+O.

photoemission are due to both nature of TM ion and configuration of ligand atoms.
These two aspects have to be carefully investigated before dropping any conclusion.

The binding energy of the main line (710.6 eV), mainly corresponding to 2p53dnL
final states, is higher than the position for other materials presented in Figure 4.3.
According to the distribution of Fe 2p3/2 binding energies in different iron compounds
(709.6 eV [51] or about 709.3 eV [147] in FeO, ∼ 710.7 eV in FeCl2 [147]), the
position of the main line resembles a formal trivalent valence state or divalent ions in
a compound with higher degree of ionic character.

The multiplet spitting of the 3s core–level line of iron is plotted in Figure 4.4.
The experimental spectra were fitted with Lorentzians and were corrected for the
background arising due to secondary electrons using the Tougaard procedure. This
was done in order to allow the comparison with the lines of LiFeO2 and FeO (from
[51, 148]). In the case of the Fe 3s spectra of the ferric–wheel and FeO, three peaks can
be distinguished and a number of three peaks were used simulating the experimental
spectra. For LiFeO2 only two peaks have physical meaning in the spectrum [148] and
thus, only two were considered for the fitting procedure. Only the two main peaks are
marked in Figure 4.4. As presented in Section 1.1.2.7 and illustrated in the previous
chapter, the splitting of the 3s core–level line originates from the exchange coupling
between the 3s hole and the 3d electrons. The value of this splitting is about 6.5 eV for
Fe3+ and about 5.5 eV for Fe2+ in simple iron oxides. The distance between the two
main peaks in the 3s XPS spectrum of the ’ferric–wheel’ was found to be 5.6 eV. Such
position for the second peak would correspond, by simple comparison, to a 2+ valence
state. However, the magnetic properties of the sample can be well described by taking
account a 3d5 configuration for iron in the ground state. Thus, the interpretation
of the 3s spectrum should be in principle consistent with a formal 3d5 electronic
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Figure 4.4: Multiplet splitting of the XPS 3s core–level line of iron recorded for the
’ferric–wheel’, LiFe3+O2 and Fe2+O.

configuration. We interpreted this as an interplay between the intrinsic multiplet
splitting and the charge transfer parameters [198]. This aspect will be discussed later
along with additional spectroscopic data and electronic structure calculations.

4.1.4 Valence band region

The XPS spectrum of the valence band region is plotted in Figure 4.5 along with
the element selective emission spectra of iron and oxygen. The calibration of the XES
spectra was performed by recording the reference lines of a pure iron sample (Fe Lα

edge at 705.0 eV [199]) and MgO (O Kα edge at 525.0 eV [200]). The emission spectra
were located in the valence band region by accounting for the proper XPS binding
energies of the core–levels (531.6 eV for O 1s in Figure 4.2 and 710.6 eV for Fe 2p3/2

in Figure 4.3). Series of different excitations energies were recorded for each edge but
no relevant features were visible. Therefore they are not listed here.

According to the shape of the emission spectra the maximum at about 6 eV
binding energy in the shape of the XPS VB spectrum mainly corresponds to the
Fe 3d4s states. The O 2p states, whose contribution is visible in the O Kα spectrum,
are located relatively in the same region. Their maximum is positioned at about 7 eV
binding energy. This indicates a strong hybridization between the O 2p and Fe 3d
states. The states giving rise to maxima around 18 and 25 eV binding energy are
most probably 2s contributions from C, N and O. However because six elements are
present in the sample, only hints concerning each contribution to these features can
be formulated.
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Figure 4.5: XPS valence band spectrum of Li ⊂ Fe6L6Cl with L = [N(CH2CH2O)3]
and along with element sensitive XES spectra of iron and oxygen.

4.2 Computational results

Electronic structure calculations for the ’ferric–wheel’ have been performed by
Dr. Andrei V. Postnikov3 using the SIESTA method [201]. This computational
method implies norm–conserving pseudopotentials and localized basis of numerical
orbitals. Exchange correlation was treated within the Kohn–Sham density functional
theory (DFT) in either the local spin density approximation (LDA) or generalized
gradient approximation (GGA). Up to now only collinear magnetic density can be
considered. As mentioned before, the actual magnetic structure resembles a non–
collinear antiferromagnetic coupling. However, the sign and magnitude of exchange
coupling constants is expected to be reproduced when the canting angles are rela-
tively low. A single molecule consisting of 140 atoms (see the chemical composition)
was considered in a 22 × 22 × 18 Å box. The slow convergency of the self–consistent
cycle can be improved by broadening the energy levels with en ’electronic tempera-
ture’. The calculations were performed for both ferromagnetic and antiferromagnetic
configurations of magnetic moments.

The results show that the AFM alignment of spins is energetically favored and
the AFM configuration thus represents the ground state of the magnetic spin system.
The 4s contribution to the overall DOS is very low. In Figure 4.2 is plotted the
position projected DOS for two neighboring iron atoms in the AFM pattern. The
same contribution but in the FM configuration is plotted in right panel of Figure 4.2.

Independent on the choice of spin alignment, each iron atom seems to have a

3Actual address: Fachbereich Physik, Universität Osnabrück, 49069–Osnabrück Germany
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Figure 4.6: Broadened iron projected density of states calculated for the ’ferric–wheel’
in the antiferromagnetic (left panel) and the ferromagnetic configuration (right panel).

spin S = 2 which differs from the expected S = 5/2 magnitude from magnetic
measurements [187]. In spite of this, for the FM configuration the total spin of the
molecule is S = 15 which actually corresponds to a S = 5/2 spin assigned to each
iron atom. The difference of S = 1/2 is due to a magnetic moment induced on the
2p states of oxygen in the oxo bridge.

The convergence to the same local magnetic moment in both AFM and FM
configurations is reflected in Figure 4.2: the bands are marked by relatively similar
distributions of the DOS. A maximum of the Fe 3d states can be observed about 5 eV
below the Fermi level as well as a sharper peak of unoccupied states just above EF .
Most of the minority density of states remains unoccupied on each iron position. The
only major difference is visible at the Fermi level. For the AFM type of calculations
a small gap separating the occupied and unoccupied states is present while the FM
result is marked by a non–zero density of states at the Fermi edge. To be noticed
is that no intra–atomic correlations were considered (no Hubbard U contribution).
Additionally the canting of the AFM structure was not considered.

The element projected DOS allows the identification of all structure visible in the
XPS spectrum listed in Figure 4.5. A good agreement was found for the O and Fe
partial DOS compared to the emission data. Thus the maximum at 6 eV BE is due
to Fe 3d and O 2p states. At about 11 eV the N and C 2p states are visible while
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the C 2s and N 2s contributions can be found at 15 and respectively 18 eV. The peak
visible in the XPS VB data at 25 eV is mainly due to the O 2s states.

4.3 Discussions

The Fe 3s and 2p photoelectron spectra show features which are uncommon for
the 3s and 2p spectra of transition metal oxides. In opposition to the expected
trend for the formal valence state, the 3s core–level spectrum shows a multiplet split-
ting which resembles a 2+ formal valence state instead of the expected 3+ value, as
deduced from magnetic results [187]. This can be explained by a consistent interpre-
tation of the 2p and 3s core–level data recorded for Fe. The Fe 2p spectrum presents
a charge transfer satellite which is closer to the main line than the similar features
in LiFeO2 or FeO. It suggests that the energy difference between final state with of
without charge transfer is low which probably corresponds to a relative low charge
transfer energy. For the iron 3s line this effect of co–valency can lead to an overlap
between the low–spin final state without ligand hole and charge–transfer features of
the main line. The result is a ’visible’ 3s multiplet splitting which is reduced over the
value expected from the valence state.

An alternative explanation of this problem can be stated on the hypothesis that
the 3s multiplet splitting reflects only the local values of spin magnetic moment.
Based on the computational results, this rather corresponds to a 2+ real valence
state of the iron ions.

One common problem occurred during the computational approach was the ex-
tremely bad convergency. This was treated by broadening the energy levels with
’electronic temperatures’ of 600, 400 and 200 meV. Unfortunately for both LDA and
CGA calculations the total energy results and magnetic moments obtained were de-
pendent on the value of broadening which suggest that these values are not fully
reliable.

Even under these circumstances, one can still get the order of magnitude for the
exchange coupling constant between two iron ions. Assuming the interaction between
the next neighbor rigid spins, the Heisenberg hamiltonian can be written as:

H = −
∑
i�=j

JijSiSj (4.1)

Then from the energy difference between the FM state EFM = −6 J S2 and the AFM
state EAFM = +6 J S2 one can still evaluate the order of magnitude for the exchange
coupling constant:

J =
1

12 S2
∆E (4.2)

The energy difference obtained from the LDA calculations is ∆ELDA = 439 meV
which leads to an coupling constant −JLDA = 9.14 meV = 106 K. For the GGA re-
sults the obtained values are ∆EGGA = 705 meV and −JGGA = 14.7 meV = 170 K.
The experimental deduced value is 18–20 K (1.55–1.75 meV) [187]. The difference
to the experimental value can be explained by the intra–atomic correlation U which
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was not considered in these calculations; it tends to reduce the calculated exchange
parameters.

A better convergency can be accomplished if fix spin moments calculations are
performed. The broadening ’electronic temperatures’ can be reduced to 15 meV
without to affect the convergency. Taking, for example, the energy differences between
the calculation with 30 µB and 20 µB fix spin moment per formula unit, an exchange
coupling constant of −J = 7.32 meV = 85 K.

4.4 Conclusions

We report on new spectroscopic data of the six–membered ’ferric wheel’ molecule.
The multiplet splitting of the 3s XPS core–level recorded for Fe suggest a 2+ formal
valence state for these ions. The deviation from the 3+ state obtained from magnetic
measurements can be explained by accounting for the charge–transfer effects. One
can conclude, that the relaxation effects in such organo-metallic systems could lead
to consistent changes of the photoelectron lines of the metallic ions. Additionally,
electronic structure calculations revealed a S = 2 spin on iron positions, the difference
to S = 5/2 being induced by polarization on the bridging O atoms. From the XPS and
XES data recorded for the valence region as well as from the computational results,
we have determined the partial contributions of the constituents to the valence band.
From the computational results on the electronic structure, the order of magnitude
of the exchange coupling constants was determined.



Chapter 5

LaNi5−xMex (Me = Cu, Al)
intermetallic compounds

Intermetallic compounds of owing the RM5 general formula (Haucke compounds),
where R is a rare–earth, yttrium or lanthanum and M is a transition metal, have at-
tracted for the last twenty years the interest of the scientific community and industry
due to their technological relevance as permanent magnets (SmCo5) or as practicable
hydrogen storage materials (LaNi5). For compositions with lanthanum it was primar-
ily the consequence of the extraordinary properties of LaNi5 based alloys to adsorb
and desorb under moderate conditions larger amounts of hydrogen per unit volume
than liquid hydrogen [202, 203]. LaNi5–type alloys are nowadays technologically and
commercially very important for a wide range of applications including negative–
electrode materials for widespread rechargeable Ni–metal hydride (Ni–MH) batteries,
hydrogen source for fuel cells and energy–conversion or storage systems [204–206].
More than a billion RM5–based batteries are produced and sold per year.

Various specific properties are of interest when talking about metal hydrides:
storage capacity, velocity and reversibility of hydrogen sorption, plateau pressure and
temperature, cycling life and, nevertheless, implementing, environmental and econom-
ical costs. Nowadays several systems are widely used. Alloys deriving from LaNi5
were found to be very attractive due to their fast and reversible sorption properties,
plateau pressure of a few bars at room temperature, respectable long cycling–life as
well as their environmentally safe character. La or Ni are, in contrast to Cd, no haz-
ardous constituents. Their disadvantage is connected to the storage capacity which
remains below 2 mass% (see Reference [202]).

Substantial changes in properties of hydrogen host materials can be induced by
alloying: hydrogen storage properties and/or crystal structure are strongly modified
when nickel is partially substituted by aluminium or cooper. For example LaNi5
hydrogenates up to LaNi5H6.7 at a vapor pressure of about 4 atm (42 ◦C) whereas
for LaNi3Cu2 the storage capacity is reduced to 4 H atoms per formula unit and
an equilibrium pressure of about 1.5 atm. Various effects can be also induced by
substituting with other metals. Several La substitutions were also accounted for
strong changes of the alloy properties.

There is a considerable interest in the electronic structure and magnetic properties
of RNi5−xMex compounds. In spite of huge experimental effort concentrated on this
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class of materials, most of the studies dealt with technological issues like improvement
of cycle life, deterioration mechanism, optimal casting conditions and so forth. Only
a few studies were dedicated to the electronic structure or magnetic properties. This
may be the reason why some of the aspects are still controversial and the work is far
to be complete.

Let us take LaNi5 as an example: first–principles augmented plane wave (APW)
calculations of LaNi5 electronic structure were first reported by Malik et al. [207]. A
charge transfer of 1.5 electrons from La to Ni atoms was calculated. Later theoretical
studies performed by Gupta found no explanation for such a large charge transfer
and suggested a bonding arising from hybridization rather than electron transfer
[208, 209]. The results based on a semi–empirical tight–binding method shown a
qualitative describing of the electronic structure. Nowadays it is well accepted that
no charge transfer takes place in LaNi5 but some of the results are still contradictory.
For example: Nakamura et al [210] seem to reach right conclusions but their results
on the electronic structure were reported to be ”similar” to those reported both in
[207] and [208, 209]. This is of course inconsistent.

Concerning the magnetic properties, LaNi5 is considered to be at 4.2 K a classical
Pauli–type–paramagnet. The estimated exchange-enhancement factor (s = 5 − 6) is
lower than that reported for Laves–phase compounds. In case of RCo2 paramagnets
(R = Y, Lu, Sc, Hf), which exhibit strong exchange-enhancement factors (s = 9−10),
it was evidenced that their magnetic behavior is more complicated than the Pauli–
type paramagnetism [211–213]. Could it be also the case for LaNi5? Or the accepted
opinion regarding the Pauli–type paramagnetism of LaNi5 is right due to the lower
exchange–enhancement factor? To these questions as well as to others not listed at
this point, it will be given a detailed answer in this work.

The aim of this study is to clarify the magnetic behavior of LaNi5 and of selected
substituted LaNi5−xMex systems by means of experimental and theoretical investi-
gations of the electronic structure and of magnetic measurements. Some important
aspects will be given a special attention. The magnetic data are now corrected for
the presence of magnetic impurities. The presented analysis makes use of the deep
correlation between the electronic structure and the magnetic properties and gets on
this way a solid basis. From this point of view, the joint approach is a consistent way
to reach undoubted conclusions.

5.1 State of the art

LaNi5 was reported to be at 4.2 K an exchange–enhanced Pauli–type paramagnet
having a magnetic susceptibility χ = 2.5× 10−3 emu/f.u. [214], 2.27× 10−3 emu/f.u.
[215] or 1.98 × 10−3 emu/mol [216]. An exchange–enhancement factor of about 5–6
was reported. These data must be reconsidered nowadays for at least two reasons.
First, no corrections for the presence of magnetic impurities were performed and thus
the accuracy of the above numerical data is questionable. They can only be regarded
as upper limits. Secondly, recent developments in the understanding of 3d metallic
paramagnetism revealed that at low temperatures the magnetic behavior of strong
exchange-enhanced paramagnetic materials (s = 9–10) is more complicated than a
simple Pauli–type paramagnetism [211–213].
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Despite of the huge number of papers published on hydrides, only a few dealt with
the electronic structure and magnetic properties of LaNi5. The first spin–polarized
self–consistent APW calculations by Malik et al. predicted a large charge transfer of
1.5 electrons from La to Ni atoms and a weak ferromagnetism with 0.69 µB magnetic
moment per formula unit almost entirely due to Ni (the Ni minority spin band should
be almost filled) [207]. Other calculations as well as experimental results conflict
with these statements. Gupta used a tight–binding recursing formalism [208, 209]
to qualitatively describe the electronic structure. No explanation for such a charge–
transfer was found: the bounding in LaNi5 arises from hybridization rather than from
charge transfer, as previously proposed [217]. Recently first–principles TB–LMTO–
ASA calculations were reported [218–223]. LaNi5 was shown to be non–magnetic
and with a valence band mainly derived from the Ni 3d states. The La 4f states are
unoccupied and give rise to a sharp peak in the DOS about 3 eV above the Fermi
level. The calculations pointed out a large value for the density of states at the
Fermi level, in agreement with the experimental results. Nakamura et al. employed
a TB–LMTO–ASA formalism and reported a 0.602 µB/f.u. magnetic moment [210].
No statement on the magnetic behavior was made. Very recently first–principles
calculations were performed within the GGA approximations for LaNi5–H hydrides
[224]. Unfortunately they leaved out the parent compound.

Photoemission investigations were also reported for this compound. XPS mea-
surements revealed that no charge–transfer should be expected between La and Ni
since no chemical shifts were detected for Ni 2p and La 3d line compared to pure La
and Ni [217, 225–227]. It is a clear experimental indication that no charge transfer
takes place upon formation of the alloy. XPS/UPS valence band studies on LaNi5
[221, 225, 228, 229] show that the density of occupied states is dominated by the Ni 3d
states.

With one exception, all the reported band structure calculations were not directly
compared with photoemission data. Thus they give a rather good view on the elec-
tronic structure of LaNi5 but cannot rule out controversial results like in Reference
[210]. In Reference [221] the theoretical results for compositions with x = 1 were
compared with recorded UPS valence band but the authors calibrated the binding
energy by assuming no chemical shifts of the Ni lines, which is inconsistent. Prac-
tically there are no other joint studies of the electronic and magnetic properties for
this class of materials.

The partial substitution of Ni in LaNi5 was accounted for strong effects on the heat
of hydride formation (compound stability) and hydrogen adsorption/desorption prop-
erties. Such variations may be caused by differences in the electronic structure of the
host intermetallic compound, particulary band filling effects. It has been found that
substitutions by Cu or Al decreased the equilibrium pressure of the LaNi5−x(Cu,Al)x

electrodes [230–233].

5.2 Samples details

The samples were prepared by induction furnace of pure components (La 99.9%;
Ni, Cu, Al 99.99%) in purified argon atmosphere and remelted several times in order to
ensure a good homogeneity. A small excess of La (≤ 1%) was added to compensate for
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the weight loss during melting. The samples were annealed under vacuum at 1000 ◦C
for one week. The samples were kindly made available to us by Prof. Dr. Emil Burzo1.

The LaNi5 intermetallic compound crystallizes within a hexagonal structure of
CaCu5 type (space group P6/mmm; Pearson symbol hP6) in which La atoms occupy
the 1a sites. In this system nickel atoms are distributed over the 2c sites in the basal
La planes (z = 0) and 3g type sites in the middle plain of the hexagonal structure
(z = 1/2) (see Figure 5.1) [234].

Figure 5.1: CaCu5–type structure of LaNi5.

Different solid solutions for the LaNi5−xCux system were reported, with a copper
content ranging from x = 1.5 to x = 5 [234]. Copper was reported to substitute nickel
at both 2c and 3g sites [234–237]. Nevertheless the preference for the occupancy of
2c sites by Cu is rather unexpected because in LaNi5−xMx compounds M atoms
larger than Ni (M=Mn, Fe, Al, Si) usually occupy the 3g positions since these allow
larger Ni–M distances. The X–ray diffraction patterns of the investigated LaNi5−xCux

samples showed the presence of only one phase with a CaCu5–type structure in the
composition range x ≤ 1.5. The composition dependence of the lattice parameters
is presented in Figure 5.2 and their numerical values are listed in Table 5.1 together
with some recent crystallographic data found in the literature. While the a parameter
of the hexagonal is decreased at higher copper concentrations, the opposite variation
of c results in an overall increase of the cell volume (see Table 5.1)

Compound Structure Lattice parameters Cell volume c/a ratio Reference
type a (Å) b (Å) V (Å3)

LaNi5 CaCu5 5.0110 3.911 85.05 0.780 this work
5.0170 3.981 86.78 0.794 [221]
5.0100 3.972 86.34 0.793 [222]

LaNi4.5Cu0.5 CaCu5 5.0106 3.940 85.66 0.786 this work
LaNi4Cu CaCu5 5.0100 3.980 86.51 0.794 this work

5.0400 4.009 88.19 0.795 [221]
LaNi3.5Cu1.5 CaCu5 5.0090 4.001 86.93 0.799 this work

Table 5.1: Crystallographic data for the LaNi5−xCux system.

1Actual address: Babeş–Bolyai University, Faculty of Physics, RO-3400 Cluj–Napoca, Romania.
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Figure 5.2: Dependence of the lattice parameters versus copper content for the
LaNi5−xCux system.

For the ternary LaNi5−xAlx the crystallographic structure is marked by a change
in the cell type. The X–ray diffraction patterns shown that for x < 2 the single
substituted LaNi5−xAlx system form solid solutions having hexagonal CaCu5–type
structure. For 2 < x ≤ 3 the structure changes to a HoNi2.6Ga2.4–type [238] analogous
to other RNi5−xAlx systems (R = Gd [239]; R = Dy [240]; R = Nd, Gd [241]. This
structure is also hexagonal (space group P6/mmm; Pearson symbol hP18), having
a larger unit cell than the CaCu5 one. The unit cell parameters of the two types of
structures are related by aHoNi2.6Ga2.4 =

√
3aCaCu5 and cHoNi2.6Ga2.4 = cCaCu5 [241] (see

Figure 5.3).

Figure 5.3: HoNi2.6Ga2.4–type hexagonal structure of LaNi5−xAlx compounds when
2 < x ≤ 3.

In CaCu5–type structure, the Al substitution takes place at the 3g sites situated in
the z = 1/2 plane which does not contain La atoms since this site allows greater Ni–Al
distances. The total filling of the 3g sites by Al is not possible since the distances be-
tween Ni and Al or Al–Al are smaller than the sum of metallic radii rNi+rAl or rAl+rAl

and thus a structure change appears. The occurrence of HoNi2.6Ga2.4 superstructure
induces an increase of the distances between Al(3f)–Ni(6k) and Al(3f)–Al(6k), mak-
ing the possibility to locate aluminium in the 3f and 6k sites. In this structure, Ni
occupies completely 6l sites and Al 3f sites. The 6k sites are statistically occupied by
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Ni and Al and the 2d sites are completely occupied by La. The composition depen-
dence of the lattice parameters of LaNi5−xAlx compounds is listed in Table 5.2 along
with some recent crystallographic data found in the literature. For the composition
range with CaCu5–type structure the volume of the unit–cell increases more rapidly
than for copper substitutions. Numerically for compositions with x = 1, the relative
variation of the unit–cell volume with respect to LaNi5 is ∆V/V = 1.71% for LaNi4Cu
and ∆V/V = 6.36% for LaNi4Al.

Compound Structure Lattice parameters Reference
type a (Å) b (Å)

LaNi5 CaCu5 5.011 3.911 this work
LaNi4Al CaCu5 5.071 4.062 this work

5.063 4.063 [234]
5.070 4.076 [221]
5.058 4.008 [222]

LaNi3Al2 CaCu5 5.145 4.122 this work
LaNi2Al3 HoNi2.6Ga2.4 9.180 4.050 this work

Table 5.2: Crystallographic data for the LaNi5−xAlx system.

5.3 Experimental and computational details

The magnetic measurements presented in this study were performed in the tem-
perature range 1.7–300 K and fields up to 8 T. For each temperature, the magnetic
susceptibility has been determined from magnetization isotherms, according to the
Honda–Arrott plot [242]:

χ = χp +
cMs

H
(5.1)

by extrapolation to H−1 → 0. By c a presumed impurity content is denoted and
Ms is their saturation magnetization. The aim of this procedure is to eliminate any
possible alteration of the χ values as a result of the presence of small quantities of
magnetic ordered impurities. It requires measurements at multiple fields values at
the same temperature. The samples were generally shown to be free from magnetic
impurities. A very small content of a magnetic ordered phase (< 0.1%) was evidenced
only at low temperatures. This can increase the magnetic susceptibilities by up to
15 − 20%, if corrections were not made.

For XPS studies all samples were prepared and investigated in the same manner
in order to facilitate the comparison. They were fractured in preparation chamber in
vacuum below 5 × 10−8 mbar and then immediately moved into the main chamber.
The XPS spectra were recorded in a vacuum below 5 × 10−9 mbar. Binding energies
are given with reference to the Fermi level. The calibration of the XPS spectra was
performed according to the 4f7/2 core level of gold which was found at 84.0 eV. This is
based on the metallic character of the samples i.e. good electrical conductivity. The
amount of oxygen on the fresh cleaved surfaces was checked by survey spectra and
monitored through the measurements. The samples presented tiny amounts of oxygen
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and tiny amounts of carbon. The presence of this small oxygen contamination can be
explained by adsorption at the surface after cleaving the samples in the preparation
chamber. Its presence due to fracturing along oxygen–rich grain boundaries, where
oxygen had naturally segregated, is excluded.

The presented band–structure calculations were carried out in frame of the ab–
initio tight–binding linear muffin–tin orbitals formalism in the atomic sphere approx-
imation (TB–LMTO–ASA) [243–245] and employing The Stuttgart Tight–Binding
LMTO Program, version 4.8. The choice of this type of calculations is motivated by
the relatively large number of atoms in the super–cell. Additionally the investigated
structures are closed packed crystalline configurations. Relativistic corrections were
included with spin–orbit coupling. The Perdew–Wang non–local exchange correla-
tion potential was used. The structures were considered to be ordered i.e. a possible
clustering of the substituting atoms was avoided. The convergence criteria was set to
0.01 mRy between the energy of two consecutive iteration steps.

5.4 Experimental results

5.4.1 Magnetic data

The magnetic data presented in this section were kindly provided to us by
Prof. Dr. Emil Burzo.

The temperature dependence of the magnetic susceptibilities χ for LaNi5−xCux

are plotted in Figures 5.4 and 5.5. The low temperature susceptibility values χ for
LaNi5 are shown in the inset of Figure 5.4 as a function of T 2. As evidenced at T < 10
K, the susceptibility of LaNi5 follows a relation of the form:

χp = χ0(1 + aT 2) (5.2)

with a = 1.3 × 10−3 K−2.
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Figure 5.4: Temperature dependence of the magnetic susceptibilities for LaNi5 (χp ±
1%). In inset the low temperatures behavior is plotted.

The same thermal dependence pattern is visible for all the samples in this system:
the magnetic susceptibilities increase up to a temperature Tmax and then decrease.
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Above a characteristic temperature T ∗ a Curie–Weiss type behavior is observed. The
Tmax and T ∗ are shifted to lower temperatures when increasing the copper content.
For x = 0, Tmax � 90 K and T ∗ � 150 K. Due to this shift, the region where the
T 2 dependence can be observed is diminished, and thus no reliable data on the T 2

dependence can be obtained for compounds with x ≥ 0.5. These magnetic data
show a transition from a Pauli–type paramagnetism to a Curie–Weiss behavior as the
temperature increases, similar as found in cobalt based compounds [211–213]. In the
high temperature magnetic susceptibilities can be described by the Curie–Weiss law:
χ = C(T − θ)−1. We denoted by C the Curie constant and θ is the paramagnetic
Curie temperature.
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Figure 5.5: Temperature dependencies of the magnetic susceptibilities for LaNi5−xCux

with x = 0.5, 1.0 and 1.5 (χp ± 1%).

Sample −θ Meff (Ni) C χp × 103

(K) (µB/atom) (emu·K/fu) (emu/fu)
LaNi5 1104 2.15 2.850 1.93 (1.7 K)
LaNi4.5Cu0.5 978 1.96 2.163 1.90 (4.2 K)
LaNi4Cu 577 1.41 0.990 1.60 (4.2 K)
LaNi3.5Cu1.5 526 1.15 0.581 1.15 (4.2 K)

Table 5.3: Magnetic data obtained on the LaNi5−xCux system, including the low
temperature paramagnetic susceptibilities.

From the linear region of χ−1 versus T , the effective nickel moments Meff (Ni) as
well as the paramagnetic Curie temperature θ, were determined (see Table 5.3). The
Meff (Ni) and θ values were obtained directly from experimental data with or without
considering the diamagnetic and paramagnetic contributions of the constituents ions.
The differences between Meff (Ni) and θ values obtained in both of these cases are not
significant. The effective nickel moments and the absolute value of the paramagnetic
Curie temperatures decrease in a similar way with increasing Cu content. The θ
values are negative for all the studied compounds.
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Figure 5.6: Thermal variations for the reciprocal magnetic susceptibilities measured
for LaNi5−xAlx (χp ± 1%).

For the LaNi5−xAlx system the temperature dependence of the magnetic suscep-
tibilities follows a similar pattern – Figure 5.6. The Tmax values which mark the
maximum value of magnetic susceptibility are shifted to lower temperatures and are
situated at about 12 K (x = 1), 8 K (x = 2) and 6 K (x = 3). For aluminium doped
samples, above a characteristic temperatures T ∗, which decrease from T ∗ = 20 K
(x = 1) to 10 K (x = 3), the magnetic susceptibilities can be described as a superpo-
sition of a Pauli paramagnetic term, χPauli, on a Curie–Weiss type contribution:

χ = χPauli + C(T − θ)−1 (5.3)

Sample −θ Meff (Ni) C χp × 103 at 1.7 K χPauli × 104

(K) (µB/atom) (emu·K/fu) (emu/fu) (emu/fu)
LaNi5 1104 2.15 2.850 1.93 –
LaNi4Al 650 0.72 0.260 0.47 1.00
LaNi3Al2 240 0.27 0.028 0.27 1.80
LaNi2Al3 220 0.18 0.008 0.23 1.85

Table 5.4: Magnetic data obtained on the LaNi5−xAlx system, including the low
temperature paramagnetic susceptibilities.

Similar to the LaNi5 compound, for the ternary system with aluminum LaNi4Al
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in the low temperature range (T ≤ 10 K) the magnetic susceptibilities follow a T 2

dependence by Equation 5.2 with a = 0.23 × 10−3 K−2 – Figure 5.7.
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Figure 5.7: Magnetic susceptibility versus T 2 in the low temperature region for LaNi5
and LaNi4Al

Since the temperatures Tmax are very low for compounds with higher aluminium
content than x ≥ 2, it was not possible o analyze the temperature dependence of
their magnetic susceptibilities in low temperature region. A stronger dependence
of the Curie constants on the aluminium content can be noticed than in case of
copper substitutions. The numerical data extracted from magnetic measurements on
LaNi5−xAlx are presented in Table 5.4.

5.4.2 XPS results

The XPS measurements were aimed at two main issues. First the absolute bind-
ing energy and the Ni 6 eV satellite are excellent indicators of the nickel electronic
structure and correlations effects. Second, valence band spectra are expected to reflect
the changes induced by substitutions in the DOS distribution of the parent compound
LaNi5.

LaNi5−xCux

The Ni 2p and La 3d core level lines of LaNi5−xCux are presented in Figure
5.8. The La 3d3/2 line overlaps with the Ni 2p3/2 line. The 2p lines of a pure Ni
sample fractured in UHV were measured under the same conditions as the LaNi5−xCux

system. Each of the Ni 2p lines at about 852.7 and 869.8 eV are accompanied by
one satellite positioned at about 6 eV higher binding energies. The satellite intensity
is lower as compared to that of pure Ni. Since of the overlap between La 3d3/2 and
Ni 2p3/2 signals, no accurate determination of the Ni 2p3/2 binding energy can be
performed. Still taking into account the sharpness of Ni 2p3/2 as compared to the
relatively low intensity of La signal around 850 eV, the binding energy of Ni 2p3/2

peak is determined to be 852.7 ± 0.05 eV in all the indicated spectra. This means
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Figure 5.8: The Ni 2p3/2, 2p1/2 and La 3d3/2 core lines for LaNi5−xCux.

that no detectable charge transfer to/from the Ni atoms occurs when alloying with
La and Cu. The shape of La 3d line is practically identical with the XPS results
previously reported for LaNi5 [225, 227]. In Reference [227] a single crystal sample
was investigated. The multi–peak structure between 830 and 840 eV may be explained
by accounting for interplay of multiplet effects as calculated for La 3d5/2 line in other
lanthanum compounds [246]. Since the La 3d3/2 is expected to have a similar form,
this accounts for the low–intensity peaks at 848.5 and 855.5 eV near the Ni 2p3/2

peak. Additionally, the position of the structures can be considered as unchanged in
the series. An accurate determination of the La 3d5/2 binding energy is affected by
the shape of the line.

In Figure 5.9 are plotted the Cu 2p core lines recorded for this system. No
satellite structures are present below the two Cu lines corresponding to the spin–
orbit splitting. Their binding energies was determined as being constant and about
932.3 eV. For pure Cu the binding energy of the Cu 2p3/2 line is 932.7 eV [147]. This
difference will be discussed later. From the features of the Cu 2p lines (no satellite
structures and low width) a possible d10 electronic configuration of the Cu d band is
indicated.

The XPS valence bands recorded for the LaNi5−xCux samples and for pure Ni
are presented in Figure 5.10. There is a similarity of the Ni 3d bands in pure Ni
with those in LaNi5. This fact evidences that the valence band of LaNi5 is mainly
derived from Ni d states. The structure at about 6 eV binding energy is the well–
known Ni satellite. The contribution of La states to the valence band of LaNi5 is
not visible in the spectra because of the low cross-sections of La. Alloying with Cu
does not induce visible changes in the Ni d band. A slight shift to higher binding
energies of the Ni 3d states occurs with increasing Cu concentration but the changes
can be regarded as being minimal. A rather independent Cu d band is formed around
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Figure 5.9: The Cu 2p core lines recorded for the LaNi5−xCux system

3.3 eV binding energy. By increasing the Cu content, the relative intensity of the Cu
d band is increased. These Cu states are probably completely filled with electrons
(d10 electronic configuration) since they are situated deep enough below the Fermi
level. This affirmation is also supported by the features of Cu 2p core–level lines as
mentioned before. The width of the Cu specific line is not changed by increasing the
Cu content.

LaNi5−xAlx

The Ni 2p and La 3d core–level lines are plotted in Figure 5.11 for the LaNi5−xAlx
samples. Analogous to the previous system due to the overlapping of the Ni 2p3/2

line with the La 3d3/2 one, no accurate determination of the Ni 2p positions can be
made. A fit was performed by taking into account that the sharp peak corresponds
to the Ni 2p3/2 line. The determined binding energies, in the limit of experimental
errors, seem to be not dependent on aluminium content and to correspond although
a hardly detectable shift to higher binding energies might be accounted at the limit
of experimental resolution. This feature indicates that the alloying with aluminium
does not induce measurable charge transfers to/from nickel positions, although the
trend exists. A specific feature of the presented spectra is the gradual vanishing of
the Ni 6 eV satellite when alloying with Al; for samples with x > 1 it cannot be
observed. The small peak at about 855 eV can attributed to the presence of a small
quantity of some lanthanum in other configuration or to some changes in the shape
of La 3d line as visible for the 3d 3/2 component. To be noticed that lanthanum
exhibits an anomalous chemical shift, the La 3d 3/2 line in La2O3 being positioned at
834–835 eV i.e. above the value specific for the pure metal [147]. Moreover since of
the complicated shape of the La 3d lines it is difficult to evaluate possible shifts of
the lanthanum specific lines.

Several factors are responsible for the difficulties related to the determination of
Al 2p binding energy. Among them: the low photoionization cross–section (0.72 ×
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Figure 5.10: Valence band spectra recorded for the LaNi5−xCux system.

10−2 Mb compared with 0.2998 Mb for Ni 2p [38], some amount of oxidized Al and
background disturbance due to the Ni 3p, the low atomic concentration as well as
the low spin–orbit splitting (about 0.4 eV [247]). An higher acquisition time was
set up for the sample with the highest aluminum concentration and the recorded
spectrum is shown in Figure 5.12. The spin–orbit coupling of the Al 2p lines is visible
around 72.3 eV. The two peaks at about 66.8 and 68.2 eV are the two spin–orbit
components of the Ni 3p line. The structure at about 74.8 eV probably corresponds
to oxidized Al. To be noticed that even pure Al samples investigated after a long–
time Ar sputter usually present some traces of oxidized materials [247]. Without
taking into account the asymmetry of Al peaks, the binding energy of Al 2p3/2 can
be evaluated at 72.0 − 72.2 eV. The reported values for pure Al are 72.9 eV [147],
72.7 eV [247] or even 72.5 eV [248] in an older measurement.

The XPS valence bands recorded for the LaNi5−xAlx system and pure Ni are
shown in Figure 5.13. The contribution of La states to the valence band is not visible
in the spectra. Alloying with Al induces visible changes in the LaNi5 valence band,
the most visible being the shift of maximum of the valence bands to higher binding
energies. The maximum is placed at 0.59 eV in pure Ni, � 0.67 eV in LaNi5, 0.80 eV
in LaNi4Al, 1.60 eV in LaNi3Al2 and 1.74 eV for LaNi2Al3. Assuming a constant
experimental resolution, the density of states at the Fermi level decreases for all the
ternary compositions when compared to LaNi5. Since the Ni 3d states are expected
to be dominant in the valence band region the shift of the maxima is associated to
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Figure 5.11: The Ni 2p and La 3d XPS core–level lines recorded for the LaNi5−xAlx
system.

strong changes in the Ni d band with alloying.

The XPS experimental findings for the LaNi5−xAlx system are interesting since
it would be reasonable to expect a gradual filling of the Ni bands as the correspond-
ing maximum is shifted to lower binding energies. This is however not reflected by
the core–level measurements of the Ni 2p line, at least not above the experimental
resolution.
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Figure 5.12: Al 2p and Ni 3p recorded for the LaNi2Al3 sample
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Figure 5.13: XPS valence band spectra recorded for the LaNi5−xAlx.system.

5.5 Computational results

As previously mentioned, computational results are available in the literature for
the parent compound and some single substituted compositions LaNi4Me. In order to
achieve a solid basis for the current study, band structure calculations were performed
in the same terms for all compositions.

LaNi5

The density of states (DOS) and the local contributions from each atom site are
presented in Figure 5.14 for LaNi5. As previously reported, spin–polarized calcula-
tions converged well to a self–consistent non–magnetic solution. LaNi5 is certainly
non–magnetic, as indicated by magnetic measurements. Analogous to the results ob-
tained with XPS in the valence band region, the valence states of LaNi5 are dominated
by the Ni 3d band, which is not completely filled with electrons. The contribution of
Ni 4s states is negligible. La states (mostly 5d) hybridize with Ni 3d bands but their
contribution to the density of states at the Fermi level is very low (below 3.5%). The
La 4f states are practically unoccupied and give rise to a sharp DOS peak located at
about 4.8 eV above the Fermi level. The Ni 3d–La 5d hybridization is a key factor
of the electronic structure: its role is evident when arguing on the character of the
compounds which is evidently of non charge–transfer type. The DOS at the Fermi
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edge was calculated at 8.65 states/eV·f.u. which is in very good agreement with the
previously reported values [221, 249]. The accuracy of this value is granted by the
dense mash considered in the sampling of Brillouine region (1200 k points).
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Figure 5.14: Calculated total and partial densities of states for LaNi5.

At this point it is useful to mention that the output concerning the static charge
distribution is not relevant, as considered sometimes in the literature. This consider-
ation is not only a feature of the employed computational method but a quite general
issue. The reason is simple: although the choice of the radii around each nucleus,
where the charge is considered to belong a certain atomic species, is not arbitrary,
its value has no precise relevance for the charge assigned to each crystallographic
position. Therefore no charges assigned to each atomic position will be mentioned in
this work.

LaNi5−xCux

For LaNi5−xCux both 2c and 3g occupancies for the Cu atoms should be taken
into account as suggested by experimental studies [234–237]. In this work various
configurations for the construction of the super–cell were tried out in order to sim-
ulate combined occupancy schemes. While the general density of states distribution
seems to be roughly unaffected by the choice of substitution on 2c or 3g sites, this
issue should be still given a reasonable answer. It should be mentioned that from this
point of view, the argument of the minimum total energy (used in [222]) is not reli-
able enough to choose in favour at a certain configuration because the accuracy of the
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Figure 5.15: Calculated total and partial densities of states for the LaNi5−xCux sys-
tem.

TB–LMTO–ASA method with spherically symmetric potential in the atomic spheres
does not warrant sufficient accuracy. The convergence to a non–magnetic solution
was chosen as ’minimum criteria’. It was possible to show that only the substitutions
on solely 3g sites lead to non–magnetic solutions as indicated by the magnetic mea-
surements. Consequently, the substitutions on the Ni 2c sites were neglected in this
work.

The total and partial DOS calculated for LaNi5−xCux samples are plotted in
Figure 5.15. The most important finding is visible in the lower panels. In agreement
to the results evidenced in the XPS valence band study, a Cu band located at about 3–
4 eV below the Fermi level is present. This corresponds to the Cu structure evidenced
at 3.3 eV binding energy in the XPS spectra. The copper contribution at the Fermi
level is very low and mostly of 4s character. The total DOS at the Fermi level has
a descending trend: 6.01 states/eV·f.u. for x = 0.5, 5.46 states/eV·f.u. for x = 1.0
and 4.77 states/eV·f.u. for x = 1.5. The accuracy of these values was granted by a
dense mesh employed in the sampling of the k–space (at least about 600 k points in
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the irreducible wedge of the first Brillouin zone). The decrease of DOS at EF is due
to the narrowing of Ni 3d band as the Cu content is increased. The gravity center of
Ni 3d states is slightly shifter to lower energies but cannot account for the mentioned
dependence. In contrast to the results reported in Reference [221], for x = 1.0 the
Fermi level is not located in a local minimum region of the DOS.
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Figure 5.16: Calculated total and partial densities of states for the LaNi5−xAlx system.

LaNi5−xAlx

For compositions with aluminum (see the results listed in Figure 5.16) the changes
of the Ni 3d band are obvious as visible in the XPS VB spectra. The Al substitution
was considered to take place solely on 3g sites in agreement to the previous works [221,
222, 250]. All the calculations for the LaNi5−xAlx system converged self–consistent to
non–magnetic solutions. The Al contribution to the DOS shape is significant only at
about -7 eV on the energy scale. Similar to the previous system, the La states are
important only above the Fermi level where the 4f states are present in DOS. The
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region of interest located just below the Fermi level is almost entirely due ti Ni d
states. However the DOS at EF has a complicated dependence with respect to the
composition. For x = 1.0 the Fermi level is positioned in a local minimum region
of the DOS distribution, as presented in [221, 222]. The calculated DOS at Fermi
level was 1.42 states/eV·f.u. for x = 1 in agreement with the previous results. This
decrease of about 85% with respect to the parent compound is considerably higher
than for the compositions with copper where the percentage decrease was only about
10% for x = 1. This underlines the strong effects upon alloying with aluminum. For
higher Al concentrations there is no trend the variation of absolute DOS at EF . The
calculated densities of states are: 5.90 states/eV·f.u. for x = 2 and 1.90 states/eV·f.u.
for x = 3. These values resemble a more complicated situation and can be associated
to the strong narrowing of the Ni d band.
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Figure 5.17: Comparison of the measured XPS valence bands (points), and the convo-
luted DOS (by Lorentzians of half–width 0.4 eV and taking into account proper cross–
sections for partial bands with different l–symmetry; solid line) for the LaNi5−xCux

and LaNi5−xAlx systems.

The theoretical results can be compared with the measured XPS valence bands.
The orbital projected partial densities of states were multiplied with the proper cross-
sections for 1486.6 eV incident radiation (Ni 3d: 0.52×10−2 Mb, Ni 4s: 0.83×10−3 Mb,
La 5d: 0.76 × 10−3 Mb, La 6s: 0.29 × 10−3 Mb, Cu 3d: 0.12 × 10−1 Mb, Cu 4s:
0.27× 10−3 Mb Al 3p: 0.59× 10−4 Mb from [38]) and their sum was then convoluted



100 LaNi5−xMex (Me = Cu, Al) intermetallic compounds

by Lorentzians of half–width 0.4 eV. The computed densities of states describe rather
well the general features of experimental spectra. Important are from this point
of view the good agreement between the maxima in the XPS VB spectra and the
maxima in the simulated curves. The visible differences can be attributed mainly to
the facts that band structures were calculated at 0 K and those obtained by XPS
were recorded at room temperature. Also the inelastic scattering background present
in XPS spectra was not subtracted.

5.6 Discussions

Before turning to the analysis of the presented results, let us briefly review the
the aspects involved in the state of the art understanding of metallic magnetism.
One of the first attempts to understand itinerant magnetism was due to Pauli [251]:
the electrons in a non–interacting system (free–electron gas) can be fully described
by two relevant quantum numbers: spin and electron momentum k. The magnetic
susceptibility of the free–electron gas is given by:

χPauli = 2µ2
Bn(εF ) (5.4)

and depends alone on the density of states at the Fermi energy n(εF ). Later Stoner
succeed to formulate the famous mean–field model for the magnetic behavior of itin-
erant electrons by replacing the free–electrons energy levels with the electronic band
structure of the solid [252]. The susceptibility of the itinerant gas of electrons is given
by:

χSlater =
2µ2

Bn(εF )

1 − In(εF )
=

χPauli

1 − In(εF )
= sχPauli (5.5)

where I is called ’Stoner exchange factor’ and represents the exchange energy between
un and down spins (Couloumb repulsion). The above formula gives a quantity equal
to the Pauli susceptibility multiplied by a ’Stoner exchange–enhancement factor’ s.
Even the Stoner model gives a rather good description of the ground state properties,
its finite temperature description completely fails. Moreover due to its band character
this model can not account for the existence of local magnetic moments in metals.
Van Vleck was the first to reveal the importance of electron correlations in a possible
justification of a local picture [253]. The effects of electron correlations became a way
to reconciliate the mutually opposite pictures of band theories and localized models.
Systems where electrons never localize may be regarded as systems with weak electron
correlations; on the other hand strong electron correlations induce the localization of
the magnetic moments on certain crystallographic sites. Among the most successful
models of local magnetic moments in metals should be mentioned the Anderson model
in dilute alloys [254] and the Friedel model [255].

The magnetic behavior of some transition metal alloys shown that the study of
electron correlations must be analyzed from a more general point of view. ZrZn2 [256]
and Sc3In [257] turned out to be very weak itinerant ferromagnetic metals with low
Curie temperatures (25 K and 6 K) and small magnetization (MZrZn2(0) = 0.24 µB/fu
and MSc3In(0) = 0.12 µB/fu). Above TC they obey a Curie–Weiss law but the effective
moments deduced from the Curie constants are significant larger compared to those
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for the spontaneous moments. Moreover due to the low value of magnetization one
cannot include the above materials in any local moment model. The response to this
challenge was the theory of spin fluctuations (see the review presented in Reference
[258]) and its advanced form of self–consistent renormalization (SCR) theory of spin
fluctuations [258, 259].

The concept of spin fluctuations generally specifies ”any shift (in time and space)
between the instantaneous value of magnetic moments and their mean value given
by the molecular field approximation and the Bolzmann statistics” [260]. The kernel
idea relies on the thermal excitations of the electron–hole pairs across the Fermi
surface; they have a collective character and may be described in terms of spin density
fluctuations.

One of the most important quantity used to describe the itinerant electron mag-
netism is the meas square amplitude of the local density fluctuations 〈S2

L〉 which has
a variable nature. It can be generally expressed in terms of the wave–number depen-
dent susceptibility χq by assuming certain approximations. A real magnetic material
must be then regarded through a proper interpolation between two mutually oppo-
site extreme cases: the local and the extended moment limits. For the case of local
moment limit the spin density fluctuations have a local character in real space and
can be analyzed like a system of interacting local moments. The local amplitude
of spin fluctuations 〈S2

L〉 is large and fixed, only the transverse components being
important [261]. In the opposite case of extended moment limit (weak–ferromagnets
or exchange–enhanced paramagnets) the amplitude of spin fluctuations is small, only
long wave components of the wave–number dependent susceptibility contribute to
the magnetic behavior i.e. the spin fluctuations have a local character in reciprocal
space (see Figure 5.18 after [259]). Moreover the longitudinal components of spin
fluctuations play an important role.
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Figure 5.18: Classification of magnetic materials with respect to the nature of spin
fluctuations.
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When interpolating between the two extreme cases both transverse and longi-
tudinal components play important roles. A very important prediction of the spin
fluctuations theory is the temperature–induced local magnetic moments.

For the low temperature region it was pointed out that the magnetic susceptibility
of exchange–enhanced paramagnets is described by:

χ = sχPauli

[
1 +

π2

6
s2

(
2
n′′(εF )

n(εF )
− 1.2

n′2(εF )

n2(εF )

)
T 2 + ...

]
(5.6)

where n(εF ), n′(εF ) and n′′(εF ) are the density of states and its first and second
derivatives at the Fermi level [262, 263]. In Equation 5.6 the field dependence of the
susceptibility was leaved out. The above formula shows that an additional tempera-
ture dependent term must be included in order to describe the magnetic susceptibility
in the low–temperature region. Some years latter it was shown that the thermal vari-
ation of susceptibility should be proportional to T 2 ln T rather than to T 2 [264]. This
may lead to a better quantitative account but does not alter the physical meaning
of the above equation. The Equation 5.6 indicates that under a favorable distribu-
tion of the density of states, the susceptibility may increase with rising temperature.
This requires as a necessary condition the density of states to have a strong positive
curvature at the Fermi edge (n′′(εF ) > 0). In term of spin fluctuations the thermal
dependence of the susceptibility would then indicate a rapid growth of the local am-
plitude of spin fluctuations with the temperature. Above a temperature T ∗ the spin
fluctuations will reach the saturation owing the charge neutrality requirement. In the
high temperature region the susceptibility of exchange–enhanced paramagnets follows
a Curie–Weiss law without localized moments. The Curie constant is generally given
by the sum of transverse contribution of the localized limit Ct and the longitudinal
contribution of the itinerant limit Cl. However the transverse component will be dom-
inant (limit case of local moments with short–range order). The Curie constant is
independent from the saturation moment at 0 K being related to the band structure
around Fermi level.

The sum of these considerations clearly underlines the importance of the elec-
tronic structure when analyzing magnetic properties of itinerant electronic systems.

The temperature dependence of the wave number dependent susceptibility, χq,
of a strong exchanged enhanced paramagnet is significant only when the q values are
small i.e. for small q values χq has a large enhancement and the spin fluctuations in
this case have a local character in the reciprocal space (see Figure 5.18). The average
amplitude of local spin fluctuation

〈S2
L〉 = 3kBT

∑
q

χq (5.7)

is a temperature dependent quantity and increases with temperature until it reaches
an upper limit determined by the charge neutrality condition at a temperature T ∗.
The spin fluctuations reach the saturation regime and the effective moments corre-
sponds to a given electron configuration only for systems which show a strong ex-
change enhanced susceptibility. If the spin fluctuations are saturated, as in systems
having very high exchange enhancement factors, S, the effective moments reflect the
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electron configuration of the 3d–ion. Below T ∗ the temperature variation of the local
amplitude of spin fluctuations (longitudinal components) determines the magnetic
susceptibility. Above T ∗ only the transversal components of spin fluctuation con-
tribute to the Curie constant. Thus, at T > T ∗, the alloy behaves as having local
moments. The maxima in the χ versus T curves observed in the studied systems
may be considered as a cross-over between the low T regime governed by longitu-
dinal spin fluctuations and the classical regime determined by transverse spin fluc-
tuations. A related example is given by the RCo2 (R = Lu, Y) compounds: values
of 3.87 µB/Co atom were determined, corresponding to Co2+ electron configuration
[212, 213]. In LaNi5, since of smaller exchange enhancement factors, the 〈S2

L〉 is not
saturated, as shown by the effective Ni moment (2.15 µB) smaller as compared to
that of Ni2+ ion considering only spin contributions (2.82 µB).

The experimental data for LaNi5 may be also analyzed in the dynamical mean
field theory (DMFT) combined with standard LDA band calculations [265]. In weakly
correlated system, the local spin susceptibility is expected to be nearly temperature
independent, while in a strongly correlated system, leading Curie–Weiss behavior at
high temperatures is expected. For an itinerant electron system, the τ dependence
of the correlation function results in the temperature dependence of 〈S2

L〉. Fluctu-
ating moments and atomic like configuration are large at short times. The moment
is reduced at longer time scales, corresponding to a more band like less correlated
electronic structure near the Fermi level.

In the magnetic behavior of the two investigated systems certain common fea-
tures are present. For all studied samples the susceptibilities increase as function of
temperature up to a value located at Tmax and then decrease. Above a characteristic
temperature T ∗, the presence of Curie–Weiss contributions may be observed which
decrease when increasing substituent content and are very weak for high x values. The
extent to which these features are visible depend on the nature of Ni substitution.

These experimental findings can be analyzed in frame of models which take into
account the electron correlation effects in d–bands. Such models are the spin fluctu-
ation model [258, 259] or dynamical mean field theory [266]. These models reconcile
the dual character of the electron which as a particle requires a real space description
and as a wave, a momentum space description. The temperature induced magnetic
moments introduced by Moryia for systems having a strong enhanced paramagnetic
susceptibility are an important concept from this point of view. The spin fluctuation
model considers the balance between the frequencies of longitudinal spin fluctuation
which are determined by their lifetime and of transverse fluctuations which are of
thermal origin.

For compositions with copper, the experimentally determined nickel moments are
smaller than the value characteristic for Ni2+ ions, considering only spin contribution
(2.83 µB/ion) and decrease with increasing Cu content (see Table 5.3).

Two essential different mechanisms may be considered as responsible for this be-
havior. The first may be related to a possible of diminution of exchange enhancement
factor when Ni is replaced by Cu thus resulting in a saturation decreases. Since
at T > T ∗ the 〈S2

L〉 values are not saturated even for LaNi5, the lower exchange
enhancement factors can be responsible for the observed behavior. A second mech-
anism considers a gradual hybridization of the Ni–3d band with Cu states as result
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of increasing Cu content i.e. the electronic configuration of nickel must be gradually
modified.

The effective mechanism can be identified by employing the information extracted
on the electronic structure. The gradual filling of the Ni d band when alloying with
Cu should be reflected in the absolute binding energies of the Ni and Cu 2p lines.

In the limit of experimental error, the binding energies of Ni 2p lines show no shifts
when compared to pure Ni. This primarily indicates that the number of electrons
Ni bands are constant even through alloying and/or the changes are so low that no
chemical shift is visible. However the intensity of the well–known Ni 6 eV is altered
by the substitutions. For the compositions with Cu the intensity of the mentioned
structure is diminished but it still present for x = 1.5. The nature of this satellite is
still a matter of debate. The non–zero magnetic moment value on Ni sites or inter–
band d–electron hopping mechanisms were previously considered. Recently by using
a numerically exact quantum scheme in the LDA + DMFT was possible to reproduce
the 6 eV satellite in DOS spectrum of Ni at T = 0.9 · Tc [265]. This satellite was
shown to have substantially more spin up contributions. However, regardless of the
explanation employed for the nature of the 6 eV feature in Ni compounds [11, 267–
269], the lack of the structure is attributed to the gradual filling of the Ni 3d band
and/or changes in the electron correlations properties [265].

The position of the Cu 2p3/2 peak, although at lower binding energy as compared
with pure Cu (0.4 eV difference) remains unchanged for all concentrations. The
sharpness of the Cu 2p lines additionally support this finding. In fact when it is
possible to promote electrons from different sub–shells of the same atoms and thus
to reach almost complete or almost uncomplete sub–shells, such shifts are possible
and they are actually of non–chemical nature. This is obviously the case of the late d
metals. For the particular case of copper, the electrons can be promoted between the
3d and 4s shells. Accounting for the different mean radii of the orbitals r4s/r3d ≈ 3
such an effect can lead to shifts of the order of a few eV [43]. The non–chemical
nature of the Cu 2p shifts in LaNi5−xCux is also supported by the constant position
of the peak for all concentrations.

A deeper view can be achieved in the VB region. The hybridization effects be-
tween Ni and Cu 3d–states were shown to weak in LaNi5−xCux, as evidenced from
both XPS valence band results and theoretical calculations. The Cu states behave
like almost separated impurity atoms in a LaNi5–lattice. In addition, the Ni d band
remains almost unchanged when composition is modified and the Ni 2p XPS core–
level lines do not show any shifts which could indicate band–filling effects. Thus, the
smaller effective nickel moments as compared to that of Ni2+ ion and their decrease
when changing the composition cannot be attributed to a gradual filling of the Ni 3d
band. The experimentally observed trend may be correlated with the exchange en-
hancement factors which are not so high, even in LaNi5, to obtain the saturation of
spin fluctuations 〈S2

L〉 and decrease as Ni is replaced by Cu. A similar behavior was
evidenced in Y(Co1−xNix)2 compounds [213].

The exchange enhancement factors can be calculated from the experimentally
obtained low–temperature susceptibilities and the calculated DOS at the Fermi level,
as plotted in Figure 5.19. The occurrence of the first mentioned mechanism which
is based on the diminution of exchange enhancement factors as the copper content
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Figure 5.19: Calculated DOS at EF and measured χp for the LaNi5−xCux system
(left), as well as deduced effective Ni moment and estimated Stoner exchange en-
hancement factors (right).

increases, is evident. The reduction of effective nickel moments can be thus associated
to the electron–electron correlation effects reflected in the exchange enhancement.

For compositions with aluminum, the situation is somewhat different in spite
of the similarities in the magnetic behaviors. The XPS results and band–structure
calculations clearly show different changes on the electronic structure of the parent
compound LaNi5 when substituting Ni with Me = Cu or Al. For compositions with
copper, the corresponding Ni 3d band suffers only minor changes by alloying, a rather
independent Cu being formed. The Ni 3d band becomes narrower as increasing Cu
content: in the first neighborhood of Ni sites the average number of Ni atoms is
lower. As expected from the aluminum DOS and the Al low photo–ionization cross–
section [38], for the LaNi5−xAlx system only low–intensity separate Al features occur.
Additionally there is a gradual hybridization of the Ni–3d band with Al–s-p states.
However, the shape of the Ni d band is strongly changed by allowing. This is expected
to be reflected in differential magnetic behavior of the two investigated series.

The intensity of 6 eV satellite in Ni 2p core–line for LaNi5 is smaller than for
pure nickel and vanishes in LaNi5−xAlx for compositions x ≥ 2. However the charge
transfer from or to nickel atoms, when exists, is very low. This observation is based
on the absolute position of the Ni 2p binding energies. The investigated composition
range is wider than for the previous system and thus allows the observation of even
smaller effective nickel moments. The Ni contributions to the Curie constants are
smaller as the aluminum content increases and, in addition, there is an increase of
the Pauli paramagnetic terms. These changes are very important for compositions
x > 1. In case of LaNi3Al2 the effective nickel moment is only 0.27 µB and nearly
vanished in LaNi2Al3.

Consequently for the LaNi5−xAlx the decrease of effective nickel moments in the
high–temperature region can be assigned to changes in the correlation effects of Ni d
bands. Some additional charge in the Ni bands, although not excluded should be
very low. The nickel is nearly nonmagnetic or even nonmagnetic in LaNi2Al3 and
LaNi3Al2 as evidenced by magnetic measurements. The small temperature dependent
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contributions to susceptibilities, in the above samples, may be also considered as the
result of the presence of small clusters of nickel atoms. If this mechanism is present,
quantities smaller than 1% of Ni atoms are situated in clusters as result of non–
randomly Al substitutions on 6k sites. The Al substitution, probably, not in all cases
may be made randomly, although the samples were careful prepared.

The factor a in Equation 5.2 can be evaluated from the total DOS according
to Equation 5.6. This is presented in Figure 5.20 for the LaNi4Al compound. The
receipt used for the calculation of a is the following: the DOS curve was calculated
in a small energy interval around the Fermi level and for this computation a dense
mesh in the sampling of the Brillouin region was used. As predicted by Equation 5.6
and expected from the magnetic data, the DOS has a strong positive curvature at the
Fermi edge (n′′(εF ) > 0). An interval free from n′(εF ) = 0 points was chosen and a
polynomial fit was performed. A value a = 0.11×10−3 K−2 was deduced for LaNi4Al.
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Figure 5.20: Calculated DOS at EF with fine energy steps for LaNi4Al (left panel)
and the polynomial fit of the DOS dependence around the Fermi level (right panel).

5.7 Conclusions

Joint investigations on the electronic structure and accurate magnetic measure-
ments indicate that LaNi5 is a non–saturated spin fluctuation system. Its common
description in the literature as paradigm exchange–enhanced Pauli paramagnet must
be reconsidered due to the more complicated magnetic behavior.

The ternary LaNi5−xCux system was also find to be a non–saturated spin fluctu-
ation system. The exchange enhancement factors are not high enough to attain the
saturation of 〈S2

L〉 values, as emphasized for x = 0. The XPS measurements and the
band structure calculations show that there is a weak hybridization between Cu–d
and Ni–d bands. The substitution with Cu does not induce visible changes in the
shape of the Ni 3d band. The reduction of the effective nickel moments is due to the
diminished Stoner exchange–enhancement factors as the copper content increases.

In LaNi5−xAlx system there is a transition from a magnetic behavior characterized
by temperature induced moments to a Pauli-type paramagnetism when increasing the
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aluminium content. This behavior was correlated with the gradual hybridization of
Ni–3d bands and diminution of d–electron correlations. The spectroscopic data and
the band structure calculations clearly evidenced this gradual hybridization.
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Chapter 6

Conclusions and outlook

In the present work spectroscopic investigations on the electronic structure of
some interesting materials are presented. The aim was to accomplish a clear view on
their electronic properties and then to apply this information in order to answer some
specific questions related to their magnetic behavior. The following conclusions can
be drawn:

Transition metal dicyanamide compounds

The first spectroscopic results focusing on the electronic structure of M[N(CN)2]2
(M = Mn, Fe, Ni, Co, Cu) compounds have been presented. By comparison of the
XPS spectra recorded for the valence band region and combination of these results
with additional XES data, it was shown that the dicyanamide groups act like an
organic matrix of the overall electronic structure: the features arising from N and
C remain unchanged in the series. The center of gravity of the transition metal 3d
valence bands are shifted to lower binding energies as the occupancy of the 3d orbital
increases from Mn to Cu. Based on the well described valence band region, an intuitive
view of the magnetic relevant orbitals has been generated. The hybridization between
the transition metal 3d states and the N 2p and C 2p states increases from Mn to Cu.
For Cu[N(CN)2]2 the maximum of the Cu 3d density of states even coincides with
the maximum attributed in the XPS data to the 2pσ orbitals of the cyano groups.
For the compound with Mn the experimental results are in excellent agreement with
electronic structure calculations.

Furthermore the magnetic superexchange interaction was discussed, focusing on
the factors which are responsible for the occurrence of ferromagnetic interactions via
organic bridges. Both structural factors (bond angles and distances) and nature of
3d ion were identified as responsible predictive factors. A particular superexchange
pattern was proposed: the crystal structure favors the exchange between full occupied
and half–filled 3d orbitals and, according to the nature of the transition metal, this
can result in a ferromagnetic interaction for the compounds with Ni or Co. A promis-
ing aspect for the future investigations was evidenced for Ni[N(CN)2]2. The correct
order of magnitude for the magnetic ordering temperature was estimated taking into
account some spectroscopic results, which is a new approach.

The XPS data for the core–level lines arising from the transition metals were
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carefully analyzed with respect to the influence of the screening effects. It was shown
that the multiplet splitting of the 3s core–level correlates well with the value of mag-
netic moment for the sample with Mn. For the other compositions the charge–transfer
effects play an important role and become dominant for the compounds with Ni and
Cu. A novel numerical procedure was proposed for the modelling of the 3s multiplet
splitting in insulators. With this new approach we have evidenced the possibility to
evaluate the magnitude of magnetic splitting of the 3s core–level line in new materials
even in the case of dominant screening effects in the final state of photoemission.

Six–membered ’ferric–wheel’ compound

We report the first XPS/XES data for this compound of special interest in the
field of molecular magnetism. The value of the measured 3s multiplet splitting of
Fe was explained by higher co–valency effects. This interpretation was found to be
consistent with the shape of the 2p core–level line. Judging from the results present
in this chapter, it becomes clear that in such metal–organic compounds the charge
transfer effects must be carefully analyzed.

The XPS/XES data for the valence band region allowed us to localize the Fe 3d
and O 2p states. The hybridization of Fe 3d states with C or N 2p stated was shown
to be low. The comparison with calculations of the electronic structure indicates the
main contributions of all the structures present in the valence band spectra. From
the difference between the energies of the ferromagnetic and antiferromagnetic config-
urations, the order of magnitude of the exchange coupling constants was determined.

LaNi5−xMex (Me = Cu, Al) intermetallic compounds

We present joint spectroscopic and computational studies on the electronic struc-
ture of LaNi5 and LaNi5−xMex compounds. The experimental data on the XPS va-
lence band region were found to be in excellent agreement with the TB–LMTO–ASA
band structure calculations. The substitutions with Cu induces no significant changes
in the shape of the Ni 3d band, a rather independent Cu band being found. Only a
weak hybridization of the Cu and Ni d states was observed. The Ni substitution by
Al is marked by strong changes of the Ni valence band, the center of gravity of the
3d bands being shifted to lower binding energies. The hybridization between Ni 3d
and Al states is gradually increased for higher Al concentrations.

The accurate magnetic data show that the magnetic behavior of these com-
pounds is more complicated than expected for an exchange–enhanced Pauli param-
agnet. LaNi5 has to be regarded as a non–saturated spin fluctuation system. For the
LaNi5−xCux series we have concluded that the reduction of effective nickel moments
as the copper content increases is due to a reduction of the d–electron correlations
which are reflected by the lower Stoner exchange–enhancement factors. Possible fill-
ing effects of the Ni 3d bands were ruled out according to the spectroscopic data. The
ternary LaNi5−xCux system was found to be a non–saturated spin fluctuation system.
In the LaNi5−xAlx system there is a transition from a magnetic behavior characterized
by temperature induced moments to a Pauli–type paramagnetism when increasing the
aluminium content. This behavior was correlated with the gradual hybridization of
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Ni–3d bands and diminution of d–electron correlations, as deduced from the spectro-
scopic data and the computational results.

Outlook

In order to achieve a broader view on the role of transition metals in the electronic
structure of M[N(CN)2]2 compounds, more compositions are necessary to be investi-
gated. While Co[N(CN)2]2 is expected to obey the trends indicated by the presented
results, compositions with less than 5 electrons on the d shell are of high interest.
Additional computational efforts are requested for the compounds with Fe, Ni and
Cu in order to gain a consistent picture of the electronic and magnetic properties.

Further oxo–bridged iron clusters will be investigated in Osnabrück in the next
future. The importance of these studies is underlined by the novelty of spectroscopic
investigations on this kind of materials. Further computational efforts are requested
in order to describe the values of magnetic exchange coupling in the ’ferric–wheel’.

Investigations on intermetallic LaNi5−xMex with Me = 3d transition metals are
the next step in the study of the compounds derived from LaNi5. Some data are
nowadays available for x = 1 and M = Fe, Mn and so forth, but joint experimental
and theoretical studies still remain to be performed.
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[2] H. Hertz, “Über den Einfluß des ultravioletten Lichtes auf die elektrische Entladung,” Wiede-
mann’sche Annalen, vol. 31, pp. 983–1000, 1887.

[3] J. J. Thomson, “Cathode Rays,” Philosophical Magazine, vol. 44, pp. 293–316, 1897.
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Graw–Hill Book Company, New York, 1974.

[45] T. Novakov, “X–Ray Photoelectron Spectroscopy of Solids; Evidence of Band Structure,”
Physical Review B, vol. 3, pp. 2693–2698, 1971.

[46] G. Wertheim, R. Cohen, A. Rosencweig, and H. Guggenheim, “Multiplet splitting and two
electron excitations in the trivalent rare–earths,” in Electron Spectroscopy (D. A. Shirley, ed.),
pp. 813–820, North–Holland, Amsterdam, 1972.

[47] K. Kim and R. Davis, “Electron Spectroscopy of Nickel–Oxygen System,” Journal of Electron
Spectroscopy and Related Phenomena, vol. 1, pp. 251–258, 1972.

[48] K. Kim, “X–ray–photoelectron spectroscopic studies of the electronic structure of CoO,” Phys-
ical Review B, vol. 11, pp. 2177–2185, 1975.

[49] G. V. der Laan, C. Westra, C. Haas, and G. A. Sawatzky, “Satellite structure in photoelectron
and auger spectra of copper dihalides,” Physical Review B, vol. 23, pp. 4369–4380, 1981.

[50] B. Veal and A. Paulikas, “Final–state screening and chemical shifts in photoelectron spec-
troscopy,” Physical Review B, vol. 31, pp. 5399–5416, 1985.

[51] S. Uhlenbrock, Untersuchungen zur elektronischen Struktur einfacher Übergangsmetall–Oxide
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2p and 3s levels of CrF2,” Journal of the Physical Society of Japan, vol. 63, pp. 2410–2415,
1994.

[72] T. Uozumi, K. Okada, A. Kotani, R. Zimmermann, P. Steiner, S. Hüfner, Y. Tezuka, and
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[227] H. Züchner, J. Kintrup, R. Dobrileit, and I. Untiedt, “Chemical structure and bonding char-
acteristics of metal hydrogen systems studied by the surface analytical techniques SIMS and
XPS,” Journal of Alloys and Compounds, vol. 293–295, pp. 202–212, 1999.

[228] J. H. Weaver, A. Franciosi, W. E. Wallace, and H. K. Smith, “Electronic structure and sur-
face oxidation of LaNi5, Er6Mn23 and related systems,” Journal of Applied Physics, vol. 51,
pp. 5847–5851, 1983.

[229] W. E. Wallace and F. Pourarian, “Photoemission studies of LaNi5Cux Alloys and Relation to
Hydride Formation,” Journal of Physical Chemistry, vol. 86, pp. 4958–4961, 1982.

[230] M. H. Mendelsohn, D. M. Gruen, and A. E. Dwight, “LaNi5−xAlx is a versatile alloy system
for metal hydride applications,” Nature, vol. 269, pp. 45–47, 1974.

[231] T. Takeshita, S. K. Malik, and W. E. Wallace, “Hydrogen Absorption in RNi4Al (R = rare–
earth) ternary compounds,” Journal of the Solid State Chemistry, vol. 23, pp. 271–274, 1978.
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[240] B. Šorgić, A. Drasner, and Ž. Blažina, “On the structural and thermodynamic properties of
the DyNi5−xAlx–hydrogen system,” Journal of Physics: Condensed Matter, vol. 7, pp. 7209–
7215, 1995.

[241] J.-L. Bobet, S. Pechev, B. Chevalier, and B. Darriet, “Structural and hydrogen sorption
properties of NdNi5−xAlx and GdNi5−xAlx,” Journal of Alloys and Compounds, vol. 221,
pp. 169–173, 1995.

[242] L. Bates, Modern Magnetism. Cambridge University Press, Cambridge, 1951.

[243] O. K. Andersen, “Linear methods in band theory,” Physical Review B, vol. 12, pp. 8–15, 1975.



128 BIBLIOGRAPHY

[244] O. K. Andersen and O. Jepsen, “Explicit, First–Principles Tight–Binding Theory,” Physical
Review Letters, vol. 53, p. 25712574, 1984.
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