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Introduction

In the last few years a renewed interest has reappeared in materials that were

highly investigated in the 50s{70s, like manganese perovskites, spinel chalco-

genides and vanadium oxides.

The �rst two classes of materials are nowadays intensively studied due to the

colossal magnetoresistance e�ect, which is the magnetoresistance associated with

a ferromagnetic to paramagnetic transition [186, 79, 142].

Vanadium oxides are known to form many compounds, as V2O3, V2O5 and

VO2, VO, VnO2n�1 (Magn�eli phases) and V2nO5n�2 (Wadsley phases) and most of

them undergo metal{to{insulator phase transitions (MIT), with a high increase in

the electrical conductivity. For example, there is an abrupt conductivity increase

of �ve orders of magnitude for VO2 at 340 K and seven orders of magnitude

for V2O3 at 160 K [123, 3, 23]. Many technological applications derive from

the variation of the physical properties around the phase transition temperature.

VO2 appears to be a good candidate for the fabrication of many electrical and

optical devices.

Although many e�orts have been done in order to understand their electronic

structures and to elucidate the MIT mechanisms, the vanadium oxides are still

matter of debate in science.

This study has been performed in order to understand the electronic structure

of these very intriguing materials. The role of the di�erent dopants that induce

strong changes in the electronic and magnetic properties has been investigated

making use of two spectroscopic techniques, namely X{ray photoelectron and

X{ray emission spectroscopy.
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The work is structured as following:

? Chapter 1 gives a description of the investigated transition metal com-

pounds, their characteristics and some of the related actual topics.

? In Chapter 2 a short presentation of the photoemission process, photo-

electron spectral characteristics, experimental techniques and few theoretical ap-

proaches used to interpret the experimental data, is given.

? In Chapters 3 and 4 a spectroscopic study of the CMR compounds: man-

ganese perovskites, La1�xAxMnO3 and Cr{ spinels, Fe1�xCuxCr2S4 (x = 0:0; 0:5)

is presented. Their electronic structures and the role of the di�erent dopants

on the electronic structure and, implicitly, on the properties of the investigated

systems, are studied.

In Chapter 3 several series of Mn{perovskites were studied: La1�xSrxMnO3,

La1�xBaxMnO3, La1�xCaxMnO3 and La1�xPbxMnO3. New XPS results of the

Sr{doped single crystals, (La0:9Sr0:1)0:9MnO3, La0:8Sr0:2MnO3 and La0:7Sr0:3MnO3

are presented. They are interpreted making use of the available band structure

calculations. We �rstly perform an XPS investigation of the 'doubly'1 doped

manganites: La0:76Ba0:24Mn0:86Ni0:14O3 and La0:78Ba0:22Mn0:84Co0:16O3 { single

crystals. The results are related to the magnetic study previously performed on

the same samples [176].

A comprehensive study of the Fe1�xCuxCr2S(Se)4 spinel system is then pre-

sented in Chapter 4. A special attention is paid to the CuCr2Se4 system, where

the Cu valence is still a matter of controversy. Two models developed by Lotger-

ing [106, 107] and Goodenough [62] suggest both monovalent and divalent charac-

ter of the Cu ions. Several other crystals of Cr{ spinel chalcogenides, ACr2S(Se)4

(A= Mn, Zn, Cd, Hg) are investigated by XPS. From a detailed study of the

core level XPS spectra, the electronic con�gurations of the constituent ions are

determined.

? Chapter 5 deals with vanadium{oxides, mainly with mixed{valence systems:

V2�xMoxO5 (x = 0:1; 0:2; 0:4; 0:6; 0:8), solid solutions and V6O13, V4O7, V3O5,

1'doubly' doped manganites means that not only the rare{earth is partially substituted by

an alkali{earth, but also the transition metal (Mn) by another transition metal ion.
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single crystals. Some of them were investigated for the �rst time by XPS. The

role of the Mo doping on the electronic structure of the widely used catalyst V2O5

is determined from a comparison between the XPS and XES data. The obtained

results are in very good agreement with band structure calculations. For V6O13,

V4O7 and V3O5, a spectroscopic investigation of the metal{insulator transition

is performed.

? In Chapter 6 the electronic structure of the Mg1�xCuxO solid solutions

(x = 0:1; 0:15; 0:2) is analyzed by X{ray photoelectron and X{ray emission spec-

troscopy. Due to the complementarity of the two methods, from a comparison

between the XPS and XES results, the partial Cu 3d and O 2p states distri-

bution in the valence band is determined. The XPS core level data provide us

information about the degree of Cu 3d{O 2p covalency.

? The conclusions and outlook of the present study are given in Chapter 7.

At the end, a list containing the bibliographic references is presented.



Chapter 1

Why transition metal

compounds?

Transition metal compounds exhibit a large variety of electronic and magnetic

properties and, although they have been investigated over many decades, open

questions related to their behaviour still exist. Only in the last few years a huge

number of studies has been performed in order to understand their electronic

structures and implicitly, to elucidate the origin of the related e�ects, as the

metal{insulator transition and the colossal magnetoresistance.

The physics of the transition metal compounds is extremely rich. For the

present purpose, few aspects associated with the vanadium, chromium and man-

ganese systems will be reviewed.

As concerning vanadium oxides, many experimental and theoretical tools have

been used to elucidate their interesting properties. Despite this huge e�ort, there

is still an open question related to which extent the electron correlation e�ects

play a role in determining their complicated behaviour. Besides the electron{

electron interaction, the electron{phonon coupling appears to be an important

key to explain the metal{insulator transition, which characterize most of the

vanadium oxides.

A short description of some possible mechanisms of the metal{insulator tran-

sitions is presented below.
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Metal{insulator transitions

Metal{insulator transitions are accompanied by huge changes in the electrical

resistivity. In systems with weakly interacting electrons, one can classify metals

and insulators on the basis of the band �lling: if the highest band is partially or

fully occupied, we talk about metals or insulators. In the �rst case, the Fermi

level is situated inside a band, whereas for an insulator it lies in a band gap. In

systems with strongly correlated electrons, this theory is not any more valid.

More than 60 years ago, it has been observed that there are systems with par-

tially �lled bands that, according to the above classi�cation scheme, should be

metals, but in fact they exhibit an insulating behaviour [39]. Mott explained this

by electron{electron correlations [122]. The �rst theoretical description of the

Mott transitions (transitions between a metal and a Mott insulator) was given in

the Hubbard model [75, 5]. The electron correlation strength (U/t) and the band

�lling are two important parameters of this simple model that considers only

the electrons in a single band. Depending on whether the transitions are con-

trolled by the electron concentration (n) or by the ratio bandwidth/interaction,

they can be classi�ed as: (1) �lling{control (FC) or (2) bandwidth{control (BC)

transitions [76].

In case (1), the �lling control can be realized:

{ In ternary compounds, in which ions with di�erent valences occupy ionic

sites other than those related with the 3d and 2p electrons. A good example is

the La1�xSrxMnO3 system, where the A{site of the perovskite structure (ABO3)

is occupied by La and Sr;

{ In nonstoichiometric systems; for example, V2O3�y shows a transition for

y < 0:03.

In case (2), several methods to control the one{electron bandwidth can be

enumerated:

{ By applying pressure; a typical system in which the pressure{induced Mott

insulator to metal transition can occur is V2O3;

{ By changing the chemical composition using the solid solution or mixed{

crystal e�ect (NiS2�xSex);

{ By modifying the ionic radius of the A{site in perovkites (ABO3). It is
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known that, when the A{ionic radius varies, the tolerance factor also changes,

according to eq. (1.1):

f =
rA + rOp
2(rB + rO)

(1.1)

f = 1 corresponds to a cubic structure; when f decreases, the structure changes

from cubic to rhombohedral and orthorhombic.

Among the transition{metal compounds, vanadium oxides are the ideal sub-

jects for the investigation of the metallic and insulating states due to the large

variety of electrical properties observed for similar materials. Over the last three

decades intense experimental and theoretical investigations have been performed

and some questions related to the MIT mechanisms could be completely or par-

tially answered [123, 23, 76]. Several possible mechanisms responsible for the

metal{insulator transitions observed in such materials were proposed since early
070s [3]: the ordinary band overlap, crystalline symmetry changes, antiferromag-

netism, electronic correlations (Mott transitions), electron{phonon interactions,

etc. However, as concerning vanadium oxides, there is still controversy on many

aspects, as: the surface characterization of the widely used catalyst V2O5, the

phase transition nature in VO2 and V2O3, as well as the inuence of the antifer-

romagnetic ordering on the phase transition for V2O3.

V2O3 has been extensively studied as a canonical Mott{Hubbard system. The

vanadium ions have a 3d2 con�guration. Due to the trigonal distorsion of the

lattice, the t2g states are split into nondegenerate a1g and doubly degenerate eg

levels. The vanadium{vanadium pairs, arranged along the c axis of the corundum

structure, have a large overlap of the orbitals in the a1g levels. Most of the existent

theoretical models related to the electronic structure of V2O3 have considered one

electron in a singlet bond a1g level and the second in the doublet eg levels.

Although the spectroscopic investigation of this system has suggested a typical

Mott{Hubbard type electronic structure (� > U) [157], the similar values of the

charge{transfer and Coulomb electron{electron interactions energies, � and U1,

point out the strong hybridization between the V 3d and O 2p states [163].

1� and U are de�ned as shown in Fig. 1.1.
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dn + U → dn+1 + dn-1 dn + L + ∆ → dn+1 + L-1

dn L dn L dn dn dnL L L

→  transition metal

→  ligand

Figure 1.1: Simple sketch to de�ne the Coulomb correlation and charge transfer

energies (U, �) [71]

The spin{orbit coupling was proposed as an important factor to understand

the ordered spin structure in the antiferromagnetic insulating phase of V 2O3 [27].

More recently, the importance of the interaction between orbital and spin degrees

of freedom to explain the �rst{order nature of the magnetic order transition was

underlined by Rice et al. [143]. A new picture of the V2O3 electronic structure,

di�erent from the Mott{Hubbard description, in which two electrons occupy the

eg orbitals (S=1) was theoretically proposed and supported by absorption spec-

troscopy data [133]. It appears that even for the highly investigated V2O3 system,

our present understanding is not exhaustive.

Moreover, subject of controversy are the less investigated mixed{valence vana-

dium oxides, as V6O13, V4O7, V3O5, etc. The amount of publications in this �eld

is not so high and this is partially related to the diÆculty in growing pure, stoi-

chiometric single crystals.

Therefore, a spectroscopic study of the electronic structure of di�erent vana-

dium oxides in both phases, metallic and insulating, appears to be appropriate.

Colossal magnetoresistance

The magnetoresistance (MR), the change in the electrical resistance of a conduc-

tor by an applied magnetic �eld (H), is de�ned by (1.2):

MR = �R(H)� R(0)

R(0)
(1.2)
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In nonmagnetic conductors, the MR is relatively small and it is due to the Lorentz

force that a magnetic �eld exerts on moving electrons. In magnetic materials the

spin polarisation of the electrons gives rise to additional contributions and large

magnetoresistance e�ects can be obtained, even in low magnetic �elds.

At the end of the '80s, very high magnetoresistance was observed in Fe/Cr

multilayers [12]. The resistance drops as the con�guration of the magnetizations

in neighbor Fe layers goes from antiparallel to parallel and the magnetoresistance

ratio, given by eq. (1.3):

MR = �R("#)� R("")
R("") (1.3)

reaches 79% at 4:2 K for Cr layers of 9 �A thickness. Because of its high value,

the observed e�ect was called giant magnetoresistance (GMR).

More recently, magnetoresistance of up to 40% at room temperature and 65%

at 4:2 K was discovered in tunnel junctions, in which the two electrodes are

ferromagnetic layers and the barrier consists of a thin insulating layer [120]. The

e�ect, denoted as tunneling magnetoresistance (TMR), is based on the di�erence

in the tunneling probability between the ferromagnetic electrodes for the spin up

and spin down electrons (the tunnel resistance in the parallel and antiparallel

con�gurations are di�erent) [52].

A huge interest in the mixed{valence manganese perovskites was renewed

after the discovery of the colossal magnetoresistance e�ect [141, 182], which is

the magnetoresistance associated with a ferromagnetic to paramagnetic phase

transition (Fig. 1.2).

The parent compound LaMnO3 is an A{type
2 antiferromagnetic insulator and

has a distorted cubic perovskite structure: the octahedra are elongated and tilted:

the d{type Jahn{Teller distorsion (the elongated axes of the octahedra are parallel

along the c axis) is accompanied by the GdFeO3{type distorsion, caused by the

tilting of the MnO6 octahedra (Fig. 1.3) [119].

The electronic con�guration of the Mn ions in this compound is a high spin

3d4 state. Due to the crystal{�eld, the 3d states are split into t2g and eg, as shown

in Fig. 1.4. The eg levels are further split by the Jahn{Teller e�ect, as shown in

2the ferromagnetic ab planes are antiferromagnetically coupled along the c axis.
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Figure 1.2: Temperature dependence of the resistivity and magnetoresistance for

the single crystal La0:825Sr0:175MnO3 [182]

Fig. 1.5. When LaMnO3 is doped with divalent alkaline{earth cations (Sr, Ba,

Ca), a charge redistribution from Mn3+ to Mn4+ takes place and for a doping

range of 0:2� 0:5, they exhibit colossal magnetoresistance e�ect.

Among the many reported CMR Mn{perovskites, La1�xSrxMnO3 has received

a special attention. When La is substituted by Sr, the ordered spins are canted

towards the c axis direction, a state that persist up to x = 0:15. Then the

ferromagnetic phase appears; the Curie temperature increases with doping up to

30% and then saturates. For x = 0:2 an unusual metal{insulator transition has

been observed, the resistivity in the metallic phase being four orders of magnitude

larger than usually observed in metallic oxides. Also at higher doping, x = 0:4,

the value of the resistivity is still too large.

In the last few years, new types of CMR materials have been reported [141].

A remarkable interest in magnetic chalcogenides has been renewed after the dis-

covery of the colossal magnetoresistance e�ect in Fe1�xCuxCr2S4 (x = 0:0; 0:5)

close to room temperature (Fig. 1.6). FeCr2S4 and Fe0:5Cu0:5Cr2S4 are p{ and

n{type semiconducting ferrimagnets.

Unlike the manganese perovskites, the spinels are characterized by no mixed{

valence, an A{site cation that can contribute to states near the Fermi level and
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d-type JTD GdFeO3-type JTD

Figure 1.3: Simple representation of the d{type Jahn{Teller and GdFeO3{type

distorsions. The arrows indicate shifts of the O and La ions. For GdFeO3{type

distorsion, the six oxygen ions nearest to the La{site are shown [119].

3d4

t2g

eg

HS

yz, zx

xy

3z2-r2

x2-y2

Figure 1.4: Crystal �eld splitting for the Mn3+ ions in an octahedral environ-

ment [170].

large deviations of the metal{anion{metal bond angle from 180Æ. Hence, addition-

ally to the double{exchange and electron{phonon interactions, other mechanisms

have to be considered in order to explain the CMR e�ect, observed not only

in chromium spinels, but also in di�erent classes of materials, as: pyrochlores

Tl2Mn2O7 [155], Sr2�xNd1+xMn2O7 [16], double{layered systems La2�2xSr(Ca,

Sn)1+2xMn2O7 [121, 37, 10], Eu14MnBi11 [30].

An important property of the perovskites is the capability of controlling the

band �lling and the bandwidth, which are two important parameters for the

strongly correlated systems and strongly coupled electron{phonon systems.

In order to explain the very interesting physics behind CMR in connection
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EJTeg
∆E

JTD
inter-octahedral

 electron hopping

Figure 1.5: Schematic representation of the Jahn{Teller splitting for the eg levels;

the occupied bands are marked with hatched area [139].

Figure 1.6: Magnetization (M), resistivity (�) and magnetoresistance (MRH)

versus temperature for Fe1�xCuxCr2S4 (x = 0:0; 0:5) [134].

with their potential applications for reading heads, magnetic sensors and other

devices, further theoretical and experimental investigations of these compounds

are desirable.



Chapter 2

X{ray photoelectron and X{ray

emission spectroscopy

A very important and widely used experimental technique to obtain information

about the occupied electronic states is the photoelectron spectroscopy (PES). The

experiment is based on the photoelectric e�ect : when photons having enough

energy (h�) to interact with a solid, electrons are ejected and it is the kinetic

energy of the photoemitted electrons (Ekin) that is measured in a PES process

(see Fig. 2.1).

ψ ϑ

S
hν

e- , Ekin

p
+

_

D

Figure 2.1: The principle of a PES experiment (after [71]).

During photoemission a hole is created at a certain level of the core or valence



2.1 X{ray photoelectron spectroscopy 21

orbitals. Whereas for the emission of the valence electrons only ultraviolet (UV)

or soft X{ray radiation is required, for the core level emission high energy X{

rays are necessary. The valence band and core level photoemission gives di�erent

types of spectra due to the fact that the number of the photoelectrons emitted

at a certain energy depends on the density of states of the electrons in solid, as

discussed later.

Depending on whether one uses UV or X{ray radiation, the technique is called

Ultra Violet (UPS) or X{ray photoelectron (XPS) spectroscopy. XPS is an appro-

priate technique for the chemical analysis of materials, being very sensitive to the

chemical environment, that is why it is often called ESCA (E lectron Spectroscopy

for Chemical Analysis) [162].

2.1 X{ray photoelectron spectroscopy

For a free atom or molecule, the energy conservation before and after photoemis-

sion is given by:

Ein + h� = Ekin + Efin (2.1)

where Ein and Efin are the total initial and �nal energies of the atom or molecule

before and after photoemission, respectively, h� is the photon energy and Ekin is

the photoelectron kinetic energy. The binding energy (EB) for a given electron

is de�ned as the energy necessary to remove the electron to in�nity with zero

kinetic energy. Therefore, one can write:

h� = Ekin + EB (2.2)

In eq. (2.2) the vacuum level is considered as reference level since it corresponds

to a free atom (molecule). For the case of solids, the spectrometer and the solid

are electrically connected in order to keep the system at a common potential

during photoemission. Being connected, the Fermi levels of the spectrometer and

solid become the same, as shown in Fig. 2.2 for a metal. Therefore, the kinetic

energy of the photoelectron leaving the solid surface (Ekin) will be modi�ed by the

�eld1 (�s��sp) in such a way that in spectrometer one measures a photoelectron

1�s and �sp are the work functions of the solid and spectrometer, respectively.
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kinetic energy E
0

kin
= Ekin+(�s � �sp).

EB
F

Ein

E‘
V

EF

EV

Efin
E‘

kin

Φs

Φsp

Ekin

hν

Sample Spectrometer

Figure 2.2: The energy level diagram for a solid electrically connected to a spec-

trometer [42].

The binding energy for the metallic solid relative to the Fermi level is then

given by:

E
F

B
= h� � E

0

kin
� �sp (2.3)

2.1.1 Theoretical approaches to the photoemission pro-

cess

A rigorous theoretical description of the photoemission process implies a full

quantum{mechanical treatment of the process in which an electron is removed

from an occupied state within the solid and then detected. Theoretical approaches

of this type treat photoemission as a one{step process [21]. Less accurate, but very

simple, is the three{step model that is a phenomenological approach [109, 138].

2.1.1.1 Sudden approximation

If one considers 	in and 	fin the wavefunctions corresponding to the initial and

�nal states, before and after photoemission, the transition probability between the
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two eigenfunctions of the same Hamiltonian H0 obeys Fermi's golden rule (2.4),

by assuming that the perturbation H� applied to the system is small:

! �j h	fin j H� j 	ini j2 Æ(Efin � Ein � h�) (2.4)

The incident radiation, characterized by the vector and scalar potentials A

and �, causes the perturbation of the system so that the initial Hamiltonian H0

becomes H :

H = H0 +
e

2mc
(A �P+A �P)� e� +

e
2

2mc2
jAj2 (2.5)

The last three terms in (2.5) are the perturbation terms (H�), e and m denote

the electron charge and mass, c is the light speed and P stands for the momen-

tum operator. By assuming that in the initial state there are N electrons in

the considered system, the initial and �nal wavefunctions can be written in the

sudden{approximation 2 as (2.6) and (2.7):

	
(N)

in
s  

k

in
	

(N�1)

in
(2.6)

	
(N)

fin
s  

Ekin

fin
	

(N�1)

fin
; (2.7)

in which  k

in
is the wavefunction of the k orbital and  

Ekin

fin
is the wavefunction of

the photoelectron that has left out the k level with the kinetic energy Ekin. Hence,

the matrix element h	fin j H� j 	ini is the product of a one{electron matrix,

h Ekin

fin
j H� j  k

in
i and a (N{1) electron overlap integral, h	(N�1)

fin
j 	(N�1)

in
i.

In the frozen{orbital approximation the orbitals are assumed to remain un-

modi�ed during the photoemission process. Within this assumption 	
(N�1)

fin
=

	
(N�1)
in

and the transition matrix element equals the one{electron matrix ele-

ment. In this approximation, the binding energy measured in a XPS process is

given by Koopmans' theorem: "for a closed shell molecule the ionization potential

of an electron in a particular orbital is approximately equal to the negative of the

orbital energy calculated by an SCF (self{consistent �eld) ab initio method" [88]:

EB(k) = ��k (2.8)

2the photoelectron is emitted so fast, that there is only negligible interaction with the re-

maining (N-1) electron system [21].
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The above equation is only approximately valid, since important e�ects were not

considered, as [73]:

{ the relaxation e�ects; after photoemission the orbitals in the excited sys-

tem will be di�erent as compared to the inital state. There is an intra{atomic

relaxation related to the reorganization of the orbitals in the same atom and,

additional, an extra{atomic relaxation connected with the charge ow from the

crystal to the ion where the hole was created during photoemission [71]. Hence,

additional to the orbital energy in (2.8) one has to take into account the relaxation

(reorganization) energy (Erelax).

{ the correlation e�ects, which are related to the fact that the electrons mo-

tions are not independent, but correlated (Ecorr).

{ the relativistic e�ects.

2.1.1.2 Three{step model

In this model [167, 19], the photoelectron process is considered as consisting of

three independent events:

{ the local absorption of the photon and the excitation of the (photo)electron

(photoionization);

{ the propagation of the electron through the sample to the surface;

{ the penetration of the photoelectron through the surface and emission into

the vacuum, where it is detected [109].

The �rst process, namely the optical excitation of the electron, is described

by Fermi's golden rule (2.4). For an energy E and a wave vector around k, the

internal electron current Iint (E, h�, k) is given by3:

Iint(E; h�;k) =
X

j h	fin j H� j 	ini j2 f(Ein)

Æ(Efin(k)� Ein(k)� h�)Æ(E � Efin(k))
(2.9)

where f(Ein) is the Fermi distribution function.

3It is necessary to mention that only the electrons with energies above vacuum energy and

with the �nal state vector k directed outwards from the surface (k? > 0) can be detected.
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During the propagation to the surface, many electrons lose part of their en-

ergy by electron{electron and electron{plasmon scattering. The continuous back-

ground in the XPS spectrum is due to such electrons, which do not carry any

more information about their initial states.

The transport probability D(E;k), which describes the propagation process,

is proportional to the mean{free path � (2.10):

D(E;k) s �(E;k) (2.10)

where � depends on energy E, electron wave vector k and the particular

crystallographic direction.

The penetration of the electron through the surface depends on the transmis-

sion rate4:

T (E;k)Æ(kk +Gk � kex
k
) (2.11)

Taking into account the three steps described above by (2.9), (2.22), (2.11),

the detected (external) emission current can be written as (2.12):

Iext(E; h�;k
ex

k
) = Iint(E; h�;k)D(E;k)T (E;k)Æ(kk +Gk � kex

k
) (2.12)

2.1.2 Spectral characteristics

The spectroscopic notation of a state is nlj, where n and l are the principal and

orbital quantum numbers and j = l�s (s = 1=2). For a given principal quantum

number, l can take n values: 0, 1, 2, 3,... (n� 1) and the corresponding levels are

denoted as s, p, d, f,..., respectively.

2.1.2.1 Core levels

The XPS lines associated with core levels are usually sharp, may have variable

intensities and widths and, except the s levels, are doublets. The doublet char-

acter of the core lines arises through the spin{orbit (j � j) coupling. In the j � j

4
kk + Gk = k

ex

k is required by the conservation of the electron wave vector parallel to the

surface.
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coupling, the total angular momentum of one electron (j) is given by the sum of

the electronic spin and angular momenta (j = l+ s). To obtain the total angular

momentum of an atom (J), one has to sum all total angular momenta of the

constituent electrons: J = �j. Therefore, except the case of l = 0 (s levels), for

each state (nl) there will be a double{line (doublet) in the XPS spectrum: nll+1=2

and nll�1=2, respectively, of which relative intensities are given by (2.13):

I(l+1=2)

I(l�1=2)
=
l + 1

l
(2.13)

For example, for l = 1 (p levels), the relative intensities of the corresponding

doublet, p3=2 and p1=2 are 2 : 1, whereas for l = 2 (d levels), I5=2/I3=2= 3=2.

The width of a XPS core line depends upon several factors of inherent and

instrumental nature: the lifetime of the core hole created during photoemission,

unresolved chemically{shifted peaks, multiple �nal states and X{ray linewidth,

the �nite resolution of the analyser, etc. [22]. The peak width (FWHM = full

width at half{maximum) can be written as (2.14):

�E =

q
(�En)2 + (�Ep)2 + (�Ea)2 (2.14)

where �En represent the natural width of the core level, �Ep and �Ea being

connected with the spectrometer, namely the width of the X{ray line and the

analyser resolution, respectively [22].

For metals, the lines have an asymmetric form, due to the screening e�ect

by the conduction electrons [98]. They are well described by the Doniach{Sunjic

formula [46]:

I(E � E0) =
�(1� �) cos[��=2 + (1� �) arctan(E � E0)=]

[(E � E0)2 + 2](1��)=2
(2.15)

where E0 is the center of the energy distribution curve for the core line, � is the

� function, � and  are parameters. For insulators and semiconductors � = 0,

and eq. (2.15) is reduced to a Lorentz{type line.

The equivalent{core approximation is often used to determine the core{level

binding energies. In this model the photoionisation of a core level is assumed to

be equivalent with the addition of a positive charge (+e) to the nucleus, this is

why it is often called the (Z+1) approximation [50].
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Chemical shifts

The binding energies of a certain core level for non{equivalent atoms (with dif-

ferent formal oxidation states, surrounded by di�erent chemical environments,

having di�erent lattice sites) are di�erent. The binding energy di�erence is called

chemical shift, by analogy with nuclear magnetic resonance spectroscopy. It can

be regarded as the result of a change in the spatially{averaged Coulomb and

exchange potentials exerted upon an electron by its environment.

There are many theoretical procedures to calculate chemical shifts. Self{

consistent �eld (SCF) calculations can be carried out, either by using the non{

relativistic Hartree-Fock formalism or the relativistic Dirac{Fock method [42]. An

accurate binding energy can be calculated if one takes into account relaxation,

correlation and relativistic e�ects:

EB = �"k � ÆErelaxation + ÆEcorrelation + ÆErelativistic (2.16)

Another alternative is given by the so called charge potential model, where

the core binding energy is considered to depend on the potentials created by

the valence electrons of the considered atom and also by the electrons from the

neighboring atoms [59]. Hence, the shift in the binding energy of an atom (i) in

a molecule/solid with respect to the binding energy of the same core electron of

the same atom in a reference compound can be written as:

�Ei

B
= a

"�
qi

ri

�
�
�
qi

ri

�
Ref

#
+ a

"X
i6=j

�
qj

rij

�
�
X
i6=j

�
qj

rij

�
Ref

#
(2.17)

where qi and ri represent the charge and radius of the valence shell of the atom

(i), qj denotes the charge of the neighboring atom (j ) and rij are the distances

between the atom (i) and its neighbors (j ). The two terms in square brackets

reect the intra{atomic and inter{atomic potentials.

An important application of the core{level analysis is the study of the struc-

tural properties from the chemical shifts. The core{level spectroscopy can be also

used for the observation and investigation of phase transitions [98].
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2.1.2.2 Valence band levels

Whereas the core levels are usually reected by well{resolved sharp XPS peaks,

the valence band spectra are characterized by a band structure (many closely

spaced levels) [22]. The valence electrons involved in the delocalized or bonding

orbitals have low binding energies (< 20 eV). Because of the lower cross{sections

of the valence photoelectrons as compared to the core photoelectrons, the valence

band spectra intensity will appear much lower than for the core level spectra.

From the valence band one can get information about the electronic structure

of the investigated systems. When the photon energy varies, the relative inten-

sities of the various valence electrons peaks can drastically change because the

relative photoionization cross sections5 of the various electronic states will change.

This e�ect can be used to obtain information about the partial contributions to

the total density of states for di�erent constituents of a system (for example, by

comparing the UPS and XPS valence band spectra6 of a transition metal oxide,

one can get information about the relative partial contributions of the metal 3d

and O 2p states in the valence band).

2.1.2.3 Multiplet splitting

Multiplet (exchange) splitting of the core level lines can occur for systems with

unpaired electrons in the valence levels. If one considers the photoemission from

the 3s core levels of transition{metal compounds, because the spin s = 1=2 of the

core hole created during photoemission can couple parallel or antiparallel to the

total spin of the valence electrons (S), the core line will split and the exchange

splitting (�Es) can be written, according to the van Vleck theorem [184]:

�Es =
2S + 1

2l + 1
G

2(3s; 3d) (2.18)

where G2(3s; 3d) is the Slater exchange integral and l is the orbital quantum

number (l = 2). The binding energy of the state with spin (S + 1=2) is lower

than the binding energy corresponding to (S � 1=2), as indicated in Fig. 2.3.

5for a detailed description about how they can be determined see [42, 59].
6both give information about the total density of states.
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J • S

Figure 2.3: Scheme of the 3s exchange splitting.

The intensity ratio for the two peaks is given by:

IS+1=2

IS�1=2
=
S + 1

S
(2.19)

More than 30 years ago it has been found that there are spectra for which the

van Vleck theorem is not ful�lled: the multiplet intensities ratio was higher than

that predicted by (2.19), whereas the value of the splitting was about two times

smaller than expected [51]. To explain these discrepancies, correlation e�ects,

con�guration interaction and covalence have been considered [161, 129].

For the other core levels (l 6= 0), the multiplet splitting is more complex

because an additional spin{orbit splitting occurs in spectra.

Charge{transfer satellite

For many TM compounds, the interpretation of the core level spectra is more

complicated. In many TM compounds (as Cu dihalides, CuO{see (Fig.4:3),

NiO [181]) the 2p3=2 and 2p3=2 lines are accompanied by additional peaks, the so

called charge{transfer satellites. When one notes with L the ligand shell (oxygen,

for TM oxides), the charge{transfer process refers to a transfer of one electron

from the ligand 2p (L) to the metal 3d shell: 3dnL ! 3dn+1L�1. The energy

required by this charge transfer (�) is therefore given by (2.20):

� = E(dn+1L�1)� E(3dnL) (2.20)



2.1 X{ray photoelectron spectroscopy 30

Depending on whether � is lower or exceeds the correlation energy, one can

talk about charge{transfer or Mott{Hubbard compounds [200]. Whereas the late

TM oxides can be regarded as CT compounds, the situation is very complicated

for the middle row TM compounds, where correlation and hybridization e�ects

play both an important role.

A suggestive illustration of the two limit cases, Mott{Hubbard (MH) and

charge{transfer (CT), is presented in Fig. 2.4.
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(i)
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Figure 2.4: One{electron (i), Mott{Hubbard(ii) and charge{transfer (iii) dia-

grams of a metal transition oxide [71].

2.1.2.4 Shake{up and shake{o�

Simultaneously with the removal of a core electron during the photoemission pro-

cess, a second electron can be transferred to another orbital with higher energy

in a shake{up process or can be completely removed in a shake-o� process (see

Fig. 2.5). The energy necessary for either process is supplied from the kinetic

energy of the photoelectron produced during the initial ionization. Therefore,

the corresponding satellites in the XPS spectrum will appear on the high bind-

ing (low kinetic) energy side of the main peaks. For the electron involved in a

shake{up or shake{o� process the selection rules: �l = 0, �s = 0, �j = 0 are

ful�lled. Therefore, only a change of n can occur in the shake{up and shake{o�
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processes [73].

before 
XPS

after
XPS

shake-up

shake-off

Figure 2.5: Electron shake{up and shake{o� processes following ionization [73].

2.1.2.5 Background corrections

During their transport to the surface, some photoelectrons lose part of their

energy through inelastic scattering processes and end up at a lower energy in the

spectrum, giving rise to a 'background'. For quantitative analysis of the XPS

spectra, the true peaks area and their shapes need to be determined. Therefore,

ussually background corrections are applied. Shirley [160] proposed a method in

which the background intensity within a peak is proportional to the integrated

intensity at higher energy with the presumption that the background matches

the spectrum outside the peak region. In the Tougaard algorithmus [173, 174]

the measured spectra j(E) is considered to consist of photoelectron spectra F (E)

and background, as given in eq. (2.21):

j(E) = F (E) + �(E)

1Z
E

K(E;E � E
0)j(E)dE 0 (2.21)
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where K(E;E 0 � E) describes the probability that an electron with the energy

E loses the energy (E 0 � E) during a mean free path travel. The loss func-

tion �(E)K(E;E � E
0) can be described for many materials with a reasonable

approximation by7:

�(E)K(E;E � E
0) ' B(E � E

0)

[C + (E � E 0)2]2
(2.22)

2.2 X{ray photoemission spectroscopy

Two additional processes can simultaneously occur with the photoionization. The

ions produced during the photoemission process can relax by emitting X{ray

radiation (uorescence) or by the ejection of a second electron (Auger process),

as illustrated in Fig. 2.6.

Auger electron (E)

E1

E2

hν

hν = E2- E1

E2- E1 = EB + E

EB

Figure 2.6: Schematic representation of the X{ray emission and Auger processes

X{ray emission

The �rst process, namely the X{ray emission, obeys the following selection rules:

�l = 1 and �j = 1; 0, if one only considers the electric dipole vector of the

radiation. The probability of ions relaxation via dipolar emission is more than

two times larger than that corresponding to the electric quadrupoles or to the

magnetic dipol vector, therefore the last two can be usually neglected [24].

7B=2886 eV2 and C=1643 eV2.
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Figure 2.7: Schematic diagram of the main X{ray emission lines in the K and L

series [24].

The X{ray emission lines are called after the name of the shell where the

initial vacancy was created during the ionization process: K (l = 0), L (l = 1),

M (l = 2), etc., followed by a Greek letter (�, �,...) and numerical subscripts, as

indicated in Fig. 2.7.

The X{rays emitted from singly ionized ions may arise from inner (core) or-

bital to inner orbital transitions or from valence{shell to inner orbital transitions.

The last type of X{ray emission spectra, which contains information about the

nature and structure of the chemical bond, has been analyzed in the present

work. We have used the transition metal L� (3d ! 2p transitions) and O K�

(2p! 1s transitions) XES spectra to obtain information about the metal 3d and

oxygen 2p partial densities of states and, implicitly, to interpret the valence band

XPS spectra of the investigated transition metal compounds. In order to bring

the XPS and XES spectra on the same energy scale, the common procedure was

used: one measures the ionization energy of the inner orbital level involved in the

X{ray emission by XPS (for example, TM 2p and O 1s when one studies the TM
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L� and O K� XES spectra). Then, the XES spectra can be easily brought to

the binding energy scale by di�erence.

The Auger process

The second way of ion relaxation is the ejection of a second electron in an Auger

process. To describe it, the following nomenclature is used: XYZ, where X stands

for the hole's shell, Y denotes the shell from where the recombination starts and

Z labels the shell from where the Auger electron is emitted. The X (Y or Z) are

named K for the 1s levels, LI , LII and LIII for 2s, 2p1=2 and 2p3=2, MI , MII ,

MIII , MIV and MV for 3s, 3p1=2, 3p3=2, 3d3=2 and 3d5=2, respectively [42]. For

example, the KLILII line corresponds to the case when a hole from the 1s shell

is �lled by an electron from the 2p1=2 shell and the resulting energy is taken by

an electron from the 2p3=2 shell, which is emitted as Auger electron8.

If the initial and �nal hole states are on the same shell, but in di�erent orbitals

(for example, LILIIIMI) the process is called of Coster{Kronig type [98].

2.3 Experimental details

Most of the presented XPS results were obtained by using the PHI 5600 multi{

technique spectrometer9 (Fig. 2.9). The main components of this spectrometer

are: the X{ray source, monochromator, electron energy analyzer, main chamber,

ion gun, neutralizer, as shown in Fig. 2.8.

As concerning the radiation source, the PHI 5600 spectrometer is equipped

with a dual Al/Mg anode. The energies of Al K� and Mg K� radiations are

1486:6 eV and 1253:6 eV and their half{widths for the unmonochromatized ra-

diation are 0:85 eV and 0:7 eV, respectively. K� indicates that an electron has

been ejected from the K shell and the radiation is due to an electron from the L

shell that occupies the hole created in the K shell. By using a monochromator10,

8Other authors use instead of I , II , III , IV , etc. the notation: 1, 2, 3, 4... and, therefore,

the Auger KLILII line will be denoted as KL1L2.
9for a detailed description of the spectrometer, see [137, 112].
10A monochromator works on the basis of the constructive interference from crystal di�rac-

tion, as given by Bragg equation: n� = 2d sin �, where d represents the distance between lattice
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Figure 2.8: Schematic diagram of the PHI 5600 spectrometer [82]

the halfwidth of the Al K� radiation is reduced to � 0:3 eV.

The role of the neutralizer is to supply low{energies electrons to insulating

samples, which can otherwise develop positive charges due to the photon bom-

bardement.

In order to keep clean surfaces for the investigated samples during measure-

ments - which can take up to few hours -, ultra{high vacuum is required. For

all measurements presented in this study, the pressure in the main chamber was

kept below 1 � 10�9 torr.

The low{temperature measurements were performed with a similar PHI 5700

spectrometer at the Silesian University of Katowice (Poland)11.

All XPS spectra presented in this work were recorded using Al K� monochro-

matic radiation. The investigated samples were cleaved in high vacuum before

measuring, so that fresh clean surfaces were obtained. In very few cases, the

neutralizer was used in order to compensate the charge e�ects that occur for

planes, � is the radiation wave length and � is the angle between the incident radiation and the

deecting planes.
11We thank all ESCA laboratory members for assistance during measurements.



2.3 Experimental details 36

Figure 2.9: PHI 5600 spectrometer

non{conducting samples.

The X{ray emission measurements were performed at the Institute of Metal

Physics, Ekaterinburg (Russia)12. The Mn L� and O K� X{ray emission spec-

tra were measured with a RSM{500 type X{ray vacuum spectrometer with a

di�raction grating (N=600 lines/mm, R=6 m) and electron excitation [207]. The

sample is mounted on the X{ray tube anode (hollow copper cylinder cooled with

water). The electron beam emitted by the cathode (tungsten �lament) is verti-

cally focused, so that the spot on the sample has a 10 mm height and 0:2 mm

width. The radiation from the specimen is focused onto the �xed entrance slit

by a spherical mirror at grazing incidence, as shown in Fig. 2.1013. The radiation

is detected using a secondary electron ampli�er with a CsI coated photocathode.

The energy resolution was about 0:8�1:3 eV.
The Mo L�2:15 X{ray emission spectra were recorded using a uorescent

Johan{type spectrometer with a position{sensitive detector [45]. Pd L X{ray

radiation from a sealed X{ray tube was used for the excitation of the uorescent

12We acknowledge Prof. Kurmaev group for providing the XES spectra.
13the grating and exit slit can move, as indicated in the �gure. The grating is rotated so that

the di�raction angle � remain constant, whereas the incidence angle ' changes (0� 6Æ)
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Figure 2.10: Scheme of the RSM{500 spectrometer [207]

Mo L�2:15 spectra. A quartz (1010) single crystal curved to R = 1400 mm was

used as a dispersion element. The energy was detected with an accuracy of � 0:25

eV.

2.4 Electronic structure calculations{overview

The electronic structure of materials in question is obtained by solving the non{

relativistic many{body Schr�odinger equation (2.23):"
� ~

2

2m

X
i

r2
i
�
X
i;k

Zke
2

jri �Rkj +
1

2

X
i6=j

e
2

jri � rjj

#
	 = E	 (2.23)

where Rk, Zk are the positions and atomic numbers of the nuclei considered

�xed (Born{Oppenheimer approximation) [87].

When one uses the �rst{principles (ab initio) calculations to determine the

electronic structure of a given material, one starts from atoms and electrons with

their mutual Coulomb interactions in the continuum space. There are several

approximations that can be employed [76] in order to reduce the insoluble many{

particle problem (2.23) to a soluble one{electron equation:
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a) con�guration{interaction method (by diagonalization of the Hamiltonian

matrix, small clusters under the atomic potential with the relevant electronic

orbitals can be exactly solved);

b) Hartree{Fock approximation; one considers a single Slater determinant

as a variational state of the many{body hamiltonian from (2.23). The single{

particle state  l(ri) is determined by energy minimization and solving of the

self{consistent eq (2.24):"
� ~

2

2m
�+ Vlat(r) +

X
l0

Z
dr

0
e
2

jr � r0j j l0(r
0)j2
#
 l(r)

�
0X
l0

�Z
dr

e
2

jr � r0j 
�

l0
(r0) �

l
(r0)

�
 l0(r) = "l l(r)

(2.24)

where Vlat(r) denotes the atomic periodic potential of the lattice and
0P
l0

is

taken over those l0 that have the same spin as l (l and l
0 {quantum numbers

including orbital degrees of freedom). The last term of the eq. (2.24) represents

the exchange term and can be written as (2.25):

V
l

ex
 l(r) (2.25)

where

V
l

ex
 l(r) =

Z
dr

0
�
l

ex
(r; r0)

e
2

jr � r0j (2.26)

and

�
l

ex
(r; r0) =

 
�

l
(r) l(r

0)
0P
l0

 
�

l0
(r0) l0(r)

j l(r)j2 (2.27)

One diÆculty of the Hartree{Fock formalism is that the exchange potential

V
l

ex
depends on the solution  l(r) itself. The correlation interaction between the

electron with di�erent spins is not considered, therefore to calculate systems with

strongly correlated electrons, di�erent ways to take into account these correlation

e�ects have to be considered.
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(c) local{density approximation (LDA)14; it is based on the density{functional

theory [87]. In this approximation the exchange{correlation potential Vxc(r)

in (2.28) is calculated from the uniform electron gas with the density n(r) (2.29):

Vxc(r) =

Z
dr

0
�xc(r; r

0)
e
2

jr � r0j (2.28)

n(r) =
X
l

j l(r)j2 (2.29)

In order to make possible the calculation of spin{density waves or antiferro-

magnetic state, the local spin{density approximation has been developed (LSDA)-

[76]. Here, one introduces the spin{dependent electron densities, n"(r) and n#(r),

so that the exchange correlation energy (2.30) is replaced by (2.31):Z
drVxc(r)n(r) (2.30)

Z
dr[n"(r) + n#(r)]Vxc[n"(r); n#(r)] (2.31)

However, the LSDA fails to reproduce the AF ground state of many com-

pounds with strongly correlated electrons, where the correlation e�ects cannot

be appropriately treated within this approximation. The electron correlation is

in general large when two electrons having the spins up and down occupy the

same atomic orbital of the TM atom. The spatial extension of the d orbital

determines the Coulomb repulsion between the two electrons.

To consider the correlation e�ects, a combination of the LDA and Hartree{

Fock approximation (LDA+U) has been developed, with good results for many

TM compounds [8]. The diÆculty of this approach is related to the way of

choosing U , which depends on the di�erent choices of the local atomic orbital

in the basis set, such that the LMTO (liniar muÆn{tin orbital) and LCAO (the

14Since our results were mainly compared with LDA calculations, we will give a short de-

scription of this method.
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liniar combination of atomic orbitals) calculations could give di�erent results for

U .

Although many e�orts have been done in the last few years [7], the band

structure calculations have diÆculties in including charge and spin uctuations

e�ects and, therefore, in describing the metallic states near the Mott insulator,

where the mentioned e�ects play an important role [76].



Chapter 3

Manganese perovskites

In the last few years the manganese perovskites, La1�xAxMnO3 (A= Sr, Ba, Ca,

Pb) have been the subject of intense experimental and theoretical studies due

to the colossal magnetoresistance e�ect (CMR) that occurs in the low{doping

regime [141, 186, 79, 141].

The parent compound LaMnO3 is an A{type antiferromagnetic insulator with

orthorhombic crystal structure [61]. The structure can be considered as cubic

(Fig. 3.1) with two types of distorsions: local tetragonal Jahn{Teller distorsion

of the oxygen atoms around each Mn site and tilting of the MnO6 octahedra

(the Mn{O{Mn angles become less that 180Æ). In the A{type antiferromagnetic

order the spins are parallel aligned in plane and antiparallel between planes (see

Fig. 3.1). The electronic con�guration of the Mn3+ ions is a high{spin 3d4 state

with three electrons in the t2g" band and one in the eg" band. The t2g orbitals

are weakly hybridized with the O 2p states, therefore the t2g electrons can be

regarded as localized by the strong correlation e�ects (S=3=2). The eg orbitals

are strongly hybridized with the oxygen 2p states.

Orbital ordering in LaMnO3 was recently experimentally observed [124], which

con�rms the much earlier scheme of the orbital ordering proposed by Goode-

nough [60]. Several theoretical studies have analyzed the above mentioned phe-

nomenon in relation with the lattice distorsion that plays a very important role

in stabilizing the A{type antiferromagnetic order [166, 48, 119, 139].

When LaMnO3 is doped with divalent alkaline{earth cations A2+, a charge

redistribution from Mn3+ to Mn4+ takes place. In a doping range of 0:2 � 0:5
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O LaMn

Figure 3.1: The A{type antiferromagnetic structure (left) and the ideal cubic

perovskite structure of LaMnO3 (right); arrows denote the spin{up and spin{

down orientations.

these manganites undergo a paramagnetic insulator to ferromagnetic metal phase

transition upon cooling, giving rise to a sharp resistivity peak near the Curie

temperature TC . By applying an external magnetic �eld, the resistivity is strongly

suppressed and the sharp peak position shifts to higher temperatures, producing

a large negative magnetoresistance. The �rst explanation of this e�ect was given

by the double{exchange model, which assumes that the conduction is achieved

through the hopping of an electron from the eg state of the Mn3+ ions into the

unoccupied eg band of the Mn4+ ions [204, 6, 40]. Later it has been shown that

one has to take into account the electron{phonon interaction in order to explain

the high values of the resistivity at T > TC or the large drop in resistivity just

below TC [117, 118]. The microscopic origin of the strong electron{phonon

coupling is the large Jahn{Teller e�ect that occurs for d4 ions in an octahedral

environment [77, 78]. Other e�ects playing an important role in the CMR scenario

are: the ferromagnetic/antiferromagnetic superexchange interaction between the

local spins, intersite exchange interaction between the eg orbitals and intra-site

and intersite Coulomb repulsions among the eg electrons [170].
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3.1 Sr{doped manganese perovskites

The electronic and magnetic diagram of La1�xSrxMnO3 has been established from

electrical and magnetic measurements [182, 171]. For x < 0:1 the system is an

antiferromagnetic spin{canted insulator and for 0:1 < x < 0:17 it is a ferromag-

netic insulator. For x = 0:175 there is a phase transition from orthorhombic to

rhombohedral at room temperature. For x > 0:2 an unusual transition from FM

insulator to FM metal takes place [172].

Several spectroscopic studies of the electronic structure of La1�xSrxMnO3

(polycrystals) have been previously reported [146, 152, 147, 90]. Strong changes in

the valence band temperature{dependent photoemission spectra of La1�xSrxMnO3

were observed and they were related to the degree of hole localization on oxygen

2p orbitals [28, 151, 149]. For the La1�xSrxMnO3 single crystals there are very

few XPS data up to now [97].

We present here an investigation of the (La0:9Sr0:1)0:9MnO3, La0:8Sr0:2MnO3

and La0:7Sr0:3MnO3 single crystals by means of X{ray photoelectron and X{ray

emission spectroscopy. The new experimental data are compared with those

previously reported on similar polycrystalline compounds. They are discussed in

relation to the band structure calculations available from literature.

� Experimental details

Single crystals of (La0:9Sr0:1)0:9MnO3, La0:8Sr0:2MnO3, La0:7Sr0:3MnO3 were

grown by the oating{zone method at the Moscow Institute of Steel and Alloys1.

The initial samples were prepared by the standard ceramic procedure from a

mixture of Mn2O3, La2O3, and SrCO3 or BaCO3 powders.

The X{ray photoelectron spectra were recorded using the PHI 5600 spec-

trometer with monochromatic Al K� radiation. All samples were measured after

breaking in ultra{high vacuum (< 1 � 10�9 torr). The spectra were recorded at

room temperature and calibrated using an Au{foil (EB(4f7=2) = 84:0 eV). The

energy resolution as determined at the Fermi level of the Au{foil was � 0:4 eV.

1Prof. Ya. M. Mukovskii is acknowledged for supplying the single crystals.
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The Mn L� (Mn 2p3=2 ! Mn 3d4s transitions) and O K� (O 1s! O 2p tran-

sitions) X{ray emission spectra were measured with a RSM{500 X{ray vacuum

spectrometer having an energy resolution of � 0:8� 1:3 eV .

3.1.1 XPS Mn 2p and 3s spectra

The XPS Mn 3s spectra can be used to estimate the valence state of manganese

ions in Sr{doped LaMnO3. It is well known that the magnitude of the Mn 3s

splitting, which originates from the exchange coupling between the 3s hole and

3d electrons, is proportional to the local spin of the 3d electrons in the ground

state [184].

The Mn 3s XPS spectrum of (La0:9Sr0:1)0:9MnO3 is presented in Fig. 3.2. The

exchange splitting (�Es) is 5:3 eV, corresponding to a Mn valency between 3+

and 4+.
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Figure 3.2: The XPS Mn 3s spectra of (La0:9Sr0:1)0:9MnO3, La0:8Sr0:2MnO3 and

La0:7Sr0:3MnO3 (single crystals).

In the above �gure (Fig. 3.2) the Mn 3s XPS spectra of La0:8Sr0:2MnO3 and
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La0:7Sr0:3MnO3 are shown. The Mn 3s exchange splitting is the same as for

(La0:9Sr0:1)0:9MnO3. It appears that in this doping range (x< 0:3) the electronic

con�guration of the Sr{doped manganites does not change.

For La0:84Sr0:16MnO3 a smaller value of the Mn 3s exchange splitting was

previously reported [97]. Polycrystalline samples of La1�xSrxMnO3 (x = 0:0,

0:1, 0:3, 0:5, 0:9) were also investigated by XPS and an increase in the exchange

splitting when x decreases was observed, including the low{doping regime [146].

However, for x < 0:3 we did not observe any changes in the Mn 3s splitting for

single crystals of La1�xSrxMnO3.

In Fig. 3.3 the Mn 3s spectra of several Mn oxides are presented. One can ob-

serve di�erent exchange splitting values for compounds with di�erent manganese

ions: Mn2+ (MnO), Mn3+ (LaMnO3) and Mn4+ (SrMnO3). The value of the

splitting decreases when the formal valence of Mn increases, as shown in Fig. 3.4.

For MnO the main peak is mainly due to the 3s13d5 states and for LaMnO3 the

main line corresponds to a 3s13d4 �nal{state con�guration [57].
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Figure 3.3: The Mn 3s splitting for manganese oxides with di�erent Mn ions; on

the left side the numbers indicate the formal Mn valence.
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Figure 3.4: The Mn 3s exchange splitting versus the Mn formal valence;

} La0:9MnO3, (La0:9Sr0:1)0:9MnO3; H La1:2Sr1:8Mn2O7; � Pm0:5Sr0:5MnO3; Æ
LiMnO2:4.

The question: where do the holes/electrons reside when substitutions are

made? has been solved for several TM oxides. For the early TM (Ti, V) oxides it

has been shown that the extra electrons/holes induced by doping have mainly 3d

character, whereas in the late TM (as Ni) oxides the doping holes primarily reside

at the oxygen sites. For the intermediate TM (as Fe, Mn) oxides the problem is

more complicated and often the extra charges were found to be of mixed O 2p -

TM 3d character [1, 92].

In the following we will try to answer this question by using the XPS Mn 3s

spectra. When La is substituted by Sr in La1�xSrxMnO3, the doped holes may

be localized either in (a) the Mn 3d or (b) O 2p states.

If the �rst situation occurs (a), each line in the spectrum will be given by

a sum of 3s1d4 and 3s1d3 con�gurations. There are di�erent energies for the

two con�gurations and also di�erent exchange splitting values because �Es is

proportional to the total 3d occupancy.

If the doping holes are localized at the O sites (b), the spectrum corresponds

to the 3s1d4 and 3s1d4L con�gurations, where L denotes the O 2p5 state (one

electron was transferred from the ligand 2p to transition metal 3d states). These
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con�gurations correspond to di�erent energies, but to the same exchange split-

ting, since there is the same occupancy of the d states in both cases (d4).

From the spectra presented in Fig. 3.2, one can observe the same splitting of

the Mn 3s levels, while the widths of the lines increase with x. Both observations

suggest that the second case (b) is realized. Therefore, we conclude that the

same value of the Mn 3s exchange splitting in the investigated single crystals,

(La0:9Sr0:1)0:9MnO3, La1�xSrxMnO3 (x = 0:2; 0:3) indicates that for x < 0:3 the

doped holes are mainly localized in the O 2p states. A similar result was obtained

by X{ray absorption spectroscopy [81].

The Mn 2p spectra of La1�xSrxMnO3 are presented in Fig. 3.5. The spin{

orbit doublet peaks are located at � 642 eV and � 654 eV, respectively. For

all investigated samples, single{ and poly{crystals, the Mn 2p spectra exhibit

satellites, at about 665 eV. The energy di�erence between the Mn 2p3=2 and

Mn 2p1=2 is almost the same as the energy di�erence between the main line and

satellite, in consequence the satellite that accompanies the 2p3=2 main line is

obscured by the 2p1=2 main line. Such structures indicate that the Mn 3d states

are strongly hybridized with the O 2p states [146], as we also conclude from a

detailed analysis of the XPS valence band and XES spectra (see Section 3:1:2).

Cluster{model calculations have revealed that for LaMnO3 the main lines are

due to cd5L, whereas the satellites arise largely from cd
4 and cd6L2 states (here

c denotes a hole in the Mn 2p states, namely 2p5) [146]. For polycrystalline

samples, similar Mn 2p XPS spectra were previously reported [152, 147, 97].

3.1.2 XPS valence band spectra

In Fig. 3.6 we present the XPS valence band and Mn L� and O K� XES spectra

of La1�xSrxMnO3 (x = 0:0; 0:2). The valence band spectra consist of a wide band

with two peaks and a low{intensity feature close to the Fermi level. The highest

peak, located at � 6 eV does not change with x. For the second peak of the

wide band, at � 3� 4 eV, there is a slight shift to lower binding energies when x

increases. The intensity of the low{intensity feature decreases with x, indicating

that these states arise from Mn eg, which are unoccupied for Mn4+ (3d3) and

occupied with one electron for Mn3+ (3d4).
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Figure 3.5: XPS Mn 2p spectra for: (a) La0:6Sr0:4MnO3, (b) La0:64Sr0:2MnO3, (c)

La0:56Sr0:2MnO3 polycrystals and (d) (La0:9Sr0:1)0:9MnO3 single crystal; in inset:

comparison of the Mn 2p XPS spectra for the single crystals La1�xSrxMnO3

(x = 0:1 (Æ) and 0:3 ({)).

In order to determine the partial Mn 3d and O 2p contribution to the valence

band, we compare the XPS spectra with the Mn L� and O K� XES spectra.

There is a superposition of the O 2p and Mn 3d states over the whole valence

band, which point out the strong hybridization of these states. The experimental

results are in good agreement with band structure calculations reported for both,

end members of the La1�xSrxMnO3 series [146] and intermediate regime [90]. To

illustrate this, in the same �gure (Fig. 3.6) the LMTO band structure calculations

for x = 0:25 from [90] are shown.
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Figure 3.6: (left): XPS valence band and XES Mn L� and O K� spectra of

La1�xSrxMnO3 (x = 0:0; 0:2); (right): Spin decomposed total density of states

(up) and the partial contributions of the Mn and O atoms (down) [90].

3.2 Ba{doped manganese perovskites

The crystal structure of La1�xBaxMnO3 changes from orthorhombic through

rhombohedral (x > 0:13) to cubic (x > 0:35) with increasing barium concentra-

tion [36, 80]. Studies of the magnetic, magnetotransport and optical properties

of the polycrystalline samples of La0:67Ba0:33MnO3 have shown that there is a

change in the type of conductivity at T = 333K [18, 17]. Very few spectroscopic

studies on the Ba{doped manganese perovskites{single crystals are available up

to now.

We present here a spectroscopic study of several Ba{doped LaMnO3 single

crystals (La0:8Ba0:2)0:93MnO3, La0:55Ba0:3Eu0:15MnO3 and La1�xBaxMnO3 poly-

crystals (x = 0:2�0:55). The valence band XPS spectra are discussed in relation

with available band structure calculations. The XPS core level Mn 2p spectra are

also studied. New XPS results of La1�xBaxMn1�yNi(Co)yO3, single crystals, are

presented.



3.2 Ba{doped manganese perovskites 50

3.2.1 XPS valence band spectra
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Figure 3.7: (left): XPS valence band spectra of La1�xBaxMnO3 (right): compar-

ison of the XPS valence band, XES Mn L� and O K� spectra of La0:8Ba0:2MnO3.

The valence band XPS spectra of the La1�xBaxMnO3 (x = 0:2 � 0:55) poly-

crystals are shown in Fig. 3.7. The La 5p peaks are situated at � 16:9 eV and

� 19 eV below Fermi level. Their intensity decrease when the Ba content (x )

increases, as expected. The binding energy for the O 2s states is 21:5 eV. The

valence band spectra have similar structures for all investigated Ba{doped sam-

ple: a large band that corresponds to the Mn 3d and O 2p hybridized states and

a well pronounced peak just below Fermi level. To determine the partial contri-

butions of di�erents atoms in the valence band we use, as previously, the XES

Mn L� and O K� spectra and compare them with the valence band XPS spectra

(see Fig. 3.7). For this, the Mn L� and O K� XES spectra were brought to the

binding energy scale using the EB values of the corresponding core levels (Mn 2p

and O 1s), as determined by XPS.

Additionally, we compare our experimental data with theoretical band struc-

ture calculations taken from Ref. [198]. The Mn L� and O K� spectra overlap

over the whole valence band region, which emphasizes the strong hybridization
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between the Mn 3d and O 2p states. According to [153] the peak at about 3 eV

mainly arises from Mn t2g states. The same result was experimentally obtained

by using resonant photoemission technique [187]. The density of states at EF

consists of mainly eg electrons of Mn d orbitals [198, 68]. Indeed, in Fig. 3.7 one

can observe that the Fermi level passes through the eg states, which are reected

in a well pronounced XPS peak. For x > 0:33, in the half{metallic regime, the

LMTO band structure calculations showed that the contribution to DOS at the

Fermi level comes solely from eg electrons (see Fig. 3.8) [198].

Figure 3.8: Total density of states for La1�xBaxMnO3: (a) x = 0:2 and (b)

x = 0:4 ([198]).

In Fig. 3.9 the valence band spectra for the single crystals (La0:8Ba0:2)0:93MnO3

and La0:55Ba0:3Eu0:15MnO3 are shown. We have compared the two VB spectra

corresponding to x = 0:45, namely the spectrum of La0:55Ba0:3Eu0:15MnO3{single

crystal and the spectrum of La0:55Ba0:45MnO3{polycrystal. A slight shift of the

highest structure in the valence band spectrum of the Eu{doped compound was
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detected. Additionally, an enhancement of the states at 6 � 10 eV occurs. The

explanation cannot be given by considering strong di�erences in the VB spectra

of single crystalline and polycrystalline samples, since for x = 0:2 no signi�cant

changes were detected between poly{ and single{crystal spectra (see Figs. 3.9

and 3.7). Theoretical calculations are required to explain this behaviour, which

seems to be connected with O 2p hybridized with Eu 4f states [100].
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Figure 3.9: XPS valence band spectra of the single crystals (La0:8Ba0:2)0:93MnO3

and La0:55Ba0:3Eu0:15MnO3; for comparison the valence band spectrum of

La0:55Ba0:45MnO3 is given.

3.2.2 XPS core level spectra

The Mn 2p spectra of La1�xBaxMnO3 are presented in Fig. 3.10. As in case of

Sr{doped manganese perovskites, the Mn 2p3=2 and Mn 2p1=2 levels situated at

641:5� 642 eV and 653:5� 654 eV, are not very much mo�died with increasing

x. However, a very slight shift to higher binding energies with increasing x is

observed, suggesting a charge redistribution from Mn3+ to Mn4+ during the Ba

doping. Unfortunately, in the case of La1�xBaxMnO3 the Mn 3s XPS spectra can

not be used to determine the 3d occupancy, because the Mn 3s emission overlaps

the with Ba 4d contribution.
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Figure 3.10: XPS Mn 2p spectra for La1�xBaxMnO3.

3.2.3 La1�xBaxMn1�yNi(Co)yO3

Although the crystallographic and magnetic properties of Mn{site doped per-

ovskites, as LaMn1�yTMyO3, were studied in the 60's, CMR e�ect in these com-

pounds was �rstly mentioned very recently [148, 196]. Structural, magnetic and

magnetotransport studies of La0:825Sr0:175Mn1�xCuxO3, La0:7Pb0:3Mn0:9TM0:1O3

(TM = Fe; Co;Ni) [206, 65], La2=3Ca1=3Mn1�xAxO3 (A = Co; Cr; x < 0:1) [144],

La(1+x)=3Ba(2�x)=3Cu1�xMnxO3 (0:7 < x < 1) [199], La0:67Sr0:33Mn1�xNixO3 (x <

0:2) [188] were reported during the last few months.

There is an actual area of interest in science to determine the role of dif-

ferent dopants on the electronic structure of such compounds, in order to un-

derstand their interesting behaviour and the mechanism of CMR e�ect. For

La0:7Ca0:3Mn1�xMexO3 (Me=Al, Ge) a reduction of the magnetic transition tem-

perature when the Mn ions are replaced by other 3d ions has been reported [58],

which cannot be attributed to the changes in the ion sizes. These additions were

found to destroy the long{range ferromagnetic order. By contrast, ferromagnetic
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properties as well as large magnetoresistance in La0:7Ba0:3Mn0:85Nb0:15O3 were

reported [175].

Further, we present new XPS results of La1�xBaxMn1�yNi(Co)yO3, single

crystals2. Valence band and core level spectra are analyzed. The magnetic prop-

erties of the investigated single crystals La1�xBaxMn1�yCoyO3 were reported and

the phase transition was associated with change in the ground state of Co2+

ions [176]. For 0:16 < x < 0:22 there is a strong enhancement of magnetization

at Tt = 180 K. The transition temperature appears to be unmodi�ed by the Co

content. A sharp magnetoresistance maximum was found at temperatures close

to TC for all investigated samples (Fig 3.11).

Figure 3.11: Temperature dependences of the resistivity and magnetoresistance

(H=9 kOe) of the single crystals La0:76Ba0:24Mn1�xCoxO3 [176].

In Fig. 3.12 and 3.13 the XPS valence band spectra of the single crystals

2Prof. I. O. Troyanchuk is acknowledged for providing single crystal samples.
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La1�xBaxMn1�yNi(Co)yO3 are presented.
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Figure 3.12: XPS valence band spectra of La1�xBaxMn1�yNiyO3 (single crystals).

We use the valence band XPS spectrum for La0:75Ba0:25MnO3, discussed above,

as reference compound for the investigated La0:76Ba0:24Mn0:86Ni0:14O3 single crys-

tal (see Fig. 3.12). The two valence band spectra exhibit similar features, a broad

band with double structure and a low intensity peak close to the Fermi level.

However the intensity of the small peak is lower for the Ni{doped sample, sug-

gesting smaller occupancy of the eg states. The �rst peak of the broad band is

much increased for the Ni{doped compound, indicating that it arises from Ni 3d

states. Indeed, the band structure calculations of LaNiO3 showed that the Ni

3d contributes to the density of states over the whole VB region (pointing out

strong hybridization with O 2p states), but with the highest contribution at low

binding energies [150, 111]. The same conclusion is obtained, if one compares

the VB spectrum of La0:76Ba0:24Mn0:86Ni0:14O3 with the VB spectrum of another

reference compound, LaNiO3. The Ni 3d contributes to the density of states at

lower binding energies, in comparison with Mn 3d. Additional XES measure-

ments and/or band structure calculations could give an answer to the electronic

structure of this double{doped compound.

In Fig. 3.13 we present the valence band spectrum of La0:78Ba0:22Mn0:84Co0:16O3

and for comparison we use the spectrum of (La0:8Ba0:2)0:93MnO3 (that is identical
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Figure 3.13: XPS valence band spectra of the single crystals La0:78Ba0:22Mn0:84-

Co0:16O3 (*) and (La0:8Ba0:2)0:93MnO3 (**).

with the VB of La0:75Ba0:25Mn1�yO3, polycrystal shown in Fig. 3.12). Also in this

case, an increase of the intensity at about 2:5 � 4 eV for the VB of Co{doped

sample can be easily observed. The intensity of the small peak close to Fermi

level slightly decreases when the Co content increases to 22%. This suggests a

lower occupancy of the eg states. The study of LaCoO3 showed that there is a

strong hybridization between Co 3d and O 2p states over the whole VB, with the

main contribution of Co 3d just below the Fermi level [148].

The study of LaMn1�xCoxO3 by X{ray absorption and resonant photoemission

spectroscopy showed the divalent character of the Co ions [132]. In Ref. [196]

it was found that, for LaMn1�xCoxO3, the Co ions do not lie in the low{spin

state, as in LaCoO3 (3d
6), but they have non{zero magnetic moments. To get

information about the Co valence state, we have used the Co 2p XPS spectra

(see Fig. 3.14). Because in the same binding energy region there is Co 2p and

La 3d photoelectron emission, we have obtained the Co contribution as follows:

the La 3d spectrum of La0:75Ba0:25MnO3 was extracted from the XPS spectrum

of La0:78Ba0:22Mn0:84Co0:16O3. Although the Ba concentration in the two samples

is not identical (25 % and 22 %, respectively), we consider that the obtained

'di�erence spectrum' contains mainly information from the Co 2p states. With
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this assumption, we compare the 'di�erence spectrum' with the Co 2p spectrum

of LiCoO2 (Co
3+) and CoO (Co2+) (see Fig. 3.14). The spectral Co 2p features for

Co2+ and Co3+ compounds are completely di�erent, namely the distance between

the main line and satellite is much larger for LiCoO2 and the intensity ratio main

line/satellite is much higher for CoO, as compared to LiCoO2.
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Figure 3.14: XPS Co 2p spectra of CoO, LiCoO2 together with the 'di�erence'

spectrum obtained by substraction of the La 3d spectrum of La0:75Ba0:25MnO3

from the 'La 3d + Co 2p' spectrum of La0:78Ba0:22Mn0:84Co0:16O3.

The 'di�erence' spectrum has a structure similar to the Co 2p spectrum for

CoO. This suggests that in La0:78Ba0:22Mn0:84Co0:16O3, Co has bivalent charac-

ter. Unfortunately, Co 3s and Mn 3s XPS spectra can not be used to extract

information about the electronic con�gurations of the Co and Mn ions, because

the corresponding XPS spectra are obscured by the stronger Ba 4d and La 4d

states.

Additional experimental studies and band structure calculations are required

in order to get more information about the electronic structure of the double

doped La1�xBaxMn1�yCoyO3 system.
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3.3 Ca{ and Pb{doped manganese perovskites

The end members of the La1�xCaxMnO3 series are antiferromagnetic insulators

and they have di�erent crystal structures and magnetic symmetries. The antifer-

romagnetic structure of LaMnO3 is of A{type (TN=140 K), whereas CaMnO3 has

an G{type AF structure with TN=120 K [195, 47]. The La1�xCaxMnO3 system

becomes a ferromagnetic metal for 0:2 < x < 0:5. Large magnetoresistance was

reported for the La0:65Ca0:35MnO3 single crystals (300 %) and higher values were

found for thin �lms of similar composition [102].

The electronic structure of La1�xCaxMnO3 was intensively studied in the last

few years [135, 131, 202, 180]. Several reviews treat this subject in detail, in

relation to various CMR and metal{insulator transitition (MIT) mechanisms [33,

170, 141]. The metal{insulator transition in these CMR materials was related

by some authors to an Anderson localization transition, whereas others proposed

that there is most likely a �nite temperature crossover phenomenon [165].
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Figure 3.15: XPS valence band spectrum of La0:4Ca0:6MnO3; inset: Mn 3s split-

ting for the same compound.

In Fig. 3.15 the valence band spectrum of La0:2Ca0:8MnO3
3 is presented in

an energy range from �3 to 30 eV, including the Ca 3p, O 2s and La 5p peaks.

The valence band consists of a wide two{peaks structure and a low intensity

feature close to the Fermi level. Using the LMTO band structure calculation

3Prof. E. Burzo is acknowledged for providing the polycrystalline sample.
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results [205], we assign the small feature at EF to the Mn eg band and the �rst

peak of the broad structure at � 2:7 eV to the Mn t2g states. Moreover, by using

resonance photoemission spectroscopy, an enhancement of the states around 4

eV was determined [114], showing their dominant Mn 3d nature. The second

peak at � 6 eV has mainly O 2p character. The asymmetric part of this peak,

at higher binding energy, is associated with Mn t2g{O 2p hybridized states [153].

In the inset of the same �gure, a well resolved splitting of the Mn 3s states can

be observed. The value of the splitting (5:0 eV) corresponds to a mixed{valent

Mn3+/Mn4+ system. The large value of the Mn 3s splitting suggests a high spin

con�guration of the Mn3+ ions, in agreement with neutron di�raction data [195].
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Figure 3.16: XPS Mn 2p spectra of La0:4Ca0:6MnO3 and La1�xPbxMnO3.

The Mn 2p spectrum of La0:4Ca0:6MnO3 shown in Fig. 3.16 consists of broad

2p3=2 and 2p1=2 peaks, supporting the idea of mixed{valency. The Mn K� emission

results for La1�xCaxMnO3, which provide a direct method to probe the total Mn

3d spin and the e�ective charge density on the Mn sites, are consistent with

a mixed{valent Mn3+/Mn4+ [180]. The Mn 2p spectra of La1�xPbxMnO3 for

x=0:15, 0:25, 0:33 and 0:4, are shown in the same �gure. The width of the Mn

2p3=2 peak increases with x, as expected from the increasing of the Mn4+ amount
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with doping.

In this chapter we have presented XPS and XES results of manganese per-

ovskites, La1�xAxMnO3, the �rst reported CMR compounds.

The role of the La{substitutions by Sr, Ba, Ca and Pb was discussed and

the inuence of the dopants on the electronic structure has been determined. By

comparing the XPS and XES data we could localize the Mn 3d and O 2p states in

the valence band; for all investigated samples, a strong hybridization of the metal

3d and ligand 2p states was found, in good agreement with the band structure

calculations.

For the Sr{doped samples, we found no changes in the Mn 3s splitting for

x < 0:3, which suggest that the doping holes have mainly O 2p character. The

new experimental results on single crystals materials were discussed in relation

to the previously reported data.

Very recently, a high interest has appeared in La{ and Mn{doped compounds.

New XPS data for the La1�xBaxMn1�yTMyO3 (TM=Ni, Co) single crystals were

discussed in relation to the band structure calculations available for related sys-

tems. The �rst XPS data of the single crystals La1�xBaxMn1�yCoyO3 suggest the

bivalent character of the Co ions, in agreement with the magnetic data obtained

for the same samples [176].



Chapter 4

Cr{based spinel chalcogenides

A remarkable interest in the magnetic chalcogenides has been renewed due to the

colossal magnetoresistance e�ect (CMR) recently reported in the Fe1�xCuxCr2S4

ferrimagnets close to room temperature [142]. Unlike the manganese perovskites

(�rst reported CMR compounds), the ACr2S4 spinels are characterized by no

mixed valence, an A{site cation that can contribute to electronic states near the

Fermi level and large deviations of the metal{anion{metal bond angle from 180Æ.

Therefore, other mechanisms, besides the double{exchange and electron{phonon

interactions, should be responsible for the CMR e�ect observed not only in

Fe1�xCuxCr2S4, but also in other classes of materials (pyrochlores Tl2Mn2O7 [155],

Sr2�xNd1+xMn2O7 [16], double{layered systems La2�2xSr(Ca, Sn)1+2xMn2O7 [121,

37, 10], Eu14MnBi11 [30]).

In the following section a comprehensive study of the Fe1�xCuxCr2S(Se)4

spinel system is presented. A special attention has been paid to the CuCr2Se4

system, where the Cu valence is still a matter of controversy. Two models de-

veloped by Lotgering [106, 107] and Goodenough [62] suggest both monovalent

and divalent character of the Cu ions. Using the Cu 3s and 2p core level XPS

spectra, we suggest that in Fe0:5Cu0:5Cr2S4 the Cu ions have the 3d10 electronic

con�guration [178], which is in agreement with the �rst model.

Several other spinel chalcogenides ACr2S(Se)4 (A= Fe, Mn, Zn, Cd, Hg) have

been investigated by X{ray photoelectron spectroscopy. From the observed split-

ting of the Cr, Fe and Mn 3s core levels the electronic con�gurations of the

corresponding ions were determined. A well resolved splitting of the Cr 2p core
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levels in the investigated crystals was found [179].

� Experimental aspects

Single crystals of FeCr2S4, Fe0:5Cu0:5Cr2S4 and CuCr2Se4 have been grown

by chemical transport reaction1. The Fe L�, Cr L�, and Cu L� X{ray emis-

sion spectra (3d4s! 2p3=2 transitions) were obtained by electron excitation and

measured with the aid of a RSM 500{type X{ray vacuum spectrometer. The

S K�1 X{ray emission spectra (3p ! 1s transitions) were measured by using a

uorescent Johan{type vacuum spectrometer equipped with a position{sensitive

detector [45]. The S L2;3 X{ray emission spectra (3s; 3d ! 2p transitions) were

recorded with an ultrasoft X{ray spectrometer having a high energy resolution

using electron excitation [94].

4.1 Electronic structure of Fe1�xCuxCr2S(Se)4

This section is structured in two parts. In the �rst part the changes induced

in the electronic structure of FeCr2S4 by the Cu{doping are analyzed by using

the X{ray photoelectron and X{ray emission spectroscopies. The experimental

results are discussed in relation to the LMTO band structure calculations. The

second part is dedicated to the CuCr2Se4 system.

4.1.1 Fe1�xCuxCr2S4 (x=0:0, 0:5)

The FeCr2S4 and CuCr2S4 compounds form a series of solid solutions and their

electrical and magnetic properties were extensively studied since early 1970s [106].

Both compounds crystallize in the normal spinel close{packed fcc lattice [Fd3m],

in which the chromium ions occupy octahedral sites, the iron and copper ions

tetrahedral sites, respectively (Fig. 4.1).

FeCr2S4 and Fe0:5Cu0:5Cr2S4 are p{ and n{type semiconducting ferrimag-

nets [103, 104, 67, 107], whereas CuCr2S4 and CuCr2Se4 are ferromagnetic metals

with the Curie temperatures of 425 K and 460 K, respectively [105].

1Dr. V. Tsurcan is acknowledged for providing the single crystals.
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Figure 4.1: The spinel (AB2X4) crystal structure: the A, B and X ions are

represented as striated, �lled and empty spheres, respectively.

The ferrimagnetic transition temperatures for the investigated compounds

FeCr2S4 and Fe0:5Cu0:5Cr2S4 (single crystals) were determined by measuring the

magnetization at low magnetic �elds (Fig. 4.2) [95]. Values of 168 K and 348 K

were found, which are in agreement with previously reported data [142, 128].

In FeCr2S4 the Fe
2+ and Cr3+ ions have 3d6 and 3d3 electronic con�gurations,

respectively. For the CuCr2S(Se)4 system the question of the Cu valence state has

been a long-standing problem. In connection with this, two models were proposed

by Lotgering [106, 107] and Goodenough [62]. The �rst model claimed that the

Cu valence state should be monovalent (Cu1+), whereas the second one claimed

that Cu is divalent (Cu2+). For the Fe0:5Cu0:5Cr2S4 system the situation becomes

even more complicated, since several possibilities can occur for the substitution

of Cu for Fe, depending on whether Cu is present as Cu1+ or Cu2+ and various

possibilities were discussed by several authors [107, 67, 134].
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Figure 4.2: Magnetization versus temperature for the single crystals FeCr2S4 and

Fe0:5Cu0:5Cr2S4.

4.1.1.1 Cu 2p and 3s, Fe 2p, Cr 2p and 3s and S 2p core level spectra

In this section the Cu 2p and 3s, Fe 2p, Cr 2p and 3s, and S 2p core level spectra

of the Fe1�xCuxCr2S4 (x= 0:0, 0:5) single crystals are presented and the electronic

con�gurations of the constituent ions are determined.

The Cu 2p XPS spectrum of Fe0:5Cu0:5Cr2S4 presented in Fig. 4.3 exhibits a

doublet structure due to the spin{orbit coupling. This spectrum closely resembles

the Cu 2p XPS spectra of the Cu2O and CuFeO2 [56] compounds, in which the

Cu ions are present as Cu1+. The only di�erence is around 955� 960 eV, where

a small shoulder arises from the Cr LMM Auger states. In the same �gure the

Cu 2p spectrum for CuO (Cu2+) is also presented. A characteristic feature of the

Cu 2p XPS spectra in the Cu2+ oxides is the presence of an intense high{energy

satellite structure [168, 70, 203]. The satellite lines in the Cu 2p spectrum of CuO

correspond to the 2p�13d9L �nal states, whereas the main lines (EB(2p3=2)= 933:3

eV and EB(2p31=2)= 953:2 eV) are associated with the 2p�1 3d10 L�1 states (2p�1

and L�1 denote a hole on the Cu 2p level after the XPS process and a hole on the

ligand atom after the charge{transfer process, respectively). The Cu 2p spectrum

of Fe0:5Cu0:5Cr2S4 shows no such features suggesting the monovalent character of

the Cu ions. However, although in the Cu oxides the presence/absence of the

satellite structures in the Cu 2p XPS spectra is a strong indicator of the 3d9/3d10
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Figure 4.3: The XPS Cu 2p spectra for Fe0:5Cu0:5Cr2S4, Cu2O, CuFeO2 [56] and

CuO.

electronic con�gurations (Cu2+/Cu1+), this is not always the case for other Cu

compounds. For example, no shake{up satellite lines were observed in CuSe, CuS,

Cu2Se [145] and CuxGayCrzSe4 [194].

In order to check the Cu electronic con�guration in this system, the Cu 3s

XPS spectrum was measured (see Fig. 4.4). It is known that the spectral splitting

of the 3s XPS core{level spectra of the transition metals (TM) originates from

the exchange coupling between the 3s hole created in the photoemission process

and the 3d electrons. The 3s splitting is related to the total spin of the 3d

electrons [184] and therefore from its value one can obtain information on the
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Figure 4.4: The XPS Cu 3s spectra of the single crystal Fe0:5Cu0:5Cr2S4 (left)

and XPS S 2p spectra of Fe1�xCuxCr2S4, x= 0:0, 0:5 (right).

TM electronic con�guration. There is no exchange splitting of the Cu 3s level

of Fe0:5Cu0:5Cr2S4, which indicates a 3d10 electronic con�guration for the Cu1+

ions [178].

The S 2p spectrum of the Fe0:5Cu0:5Cr2S4 single crystal (see Fig. 4.4) looks very

similar to the S 2p spectrum of the FeCr2S4 single crystal. For the Fe0:5Cu0:5Cr2S4

polycrystalline sample an additional weak S 2p3=2;1=2 doublet appears with an en-

ergetic position very close to FeS�2 [96], and the corresponding spectrum exhibits

a di�erent shape. However, the spectrum of the Fe0:5Cu0:5Cr2S4 single crystal

shows no additional S� features due to the delocalized nature of the sulphur

states.

Furthermore we have analyzed the Fe 2p XPS spectra of Fe0:5Cu0:5Cr2S4 and

FeCr2S4 (see Fig. 4.5). For the FeCr2S4 single crystal, where Fe appears as Fe
2+

(3d6), the Fe 2p spectrum exhibits a doublet structure (Fe 2p3=2 and Fe 2p1=2)

due to the spin{orbit coupling. Additionally, one can observe satellite structures

very similar to Fe2+O [56], where the main lines and the satellites were identi�ed
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as reecting the 2p�13d7L�1 and 2p�13d6 �nal states [201].
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Figure 4.5: The XPS Fe 2p spectra of: (a) Fe0:5Cu0:5Cr2S4, (b) FeCr2S4 - single

crystals and (c) Fe2O3 - reference compound.

The introduction of Cu+ in the FeCr2S4 structure should lead to the ap-

pearance of the Fe3+ in the Fe 2p spectra. However, the Fe 2p spectra of the

Fe0:5Cu0:5Cr2S4, poly{ and single{ crystals are similar to the Fe2+ 2p spectrum

of FeCr2S4 (the same energetic positions and similar shapes). They appear to

be broader than in the case of FeCr2S4 and the satellite structures are less pro-

nounced. This is caused by the superposition of the Fe 2p XPS with Cu LMM

Auger spectra.

For comparison, the Fe 2p spectrum of Fe3+2 O3 is presented in the same �gure

(Fig. 4.5). One can observe a di�erent ratio of the main peak/satellite intensities

and also a clear shift of the spectrum to higher binding energies. The same

characteristics were found for other Fe3+ oxides: CuFeO2 and LiFeO2 [56]. In
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this case the main lines are associated with the 2p�13d6L�1 �nal states, whereas

the satellites reect the 2p�13d5 states.

The explanation for the similarities of the Fe 2p XPS spectra of Fe0:5Cu0:5Cr2S4

and FeCr2S4, although they correspond to di�erent electronic con�gurations (Fe
2+

and Fe3+), is that during the photoemission process a charge transfer from the S2�

to Fe3+ ions takes place and therefore XPS measures excited Fe2+S� states. How-

ever, in the ground state no signi�cant charge transfer is found and magnetic mea-

surements indeed showed the existence of the Fe3+ ions in Fe0:5Cu0:5Cr2S4 [130].

Let us now analyze the electronic con�guration of the Cr ions by using the

Cr 2p and 3s core level spectra (Fig. 4.6). In the Cr 2p spectrum, besides the

spin{orbit splitting (2p3=2, 2p1=2) there is also a well resolved splitting of the Cr

2p3=2 level, of about 1 eV. A detailed analysis of the observed structure will be

given in the Section 4:2:1. The spectrum in the right panel of Fig. 4.6 consists

of two regions: one derives from Cu 3p and Cr 3s states and the second, at

higher binding energies, is given by the Fe 3s contributions. In order to obtain

information on the Cr electronic con�guration we followed the next procedure:

the Cu 3p contribution has been extracted from the total spectrum by using

the Cu 3p spectrum of Cu1+FeO2 measured with the same apparatus (shown in

inset). Hence, the remaining spectrum only carries information about the Cr 3s

states. The exchange splitting associated with the Cr 3s states is about 4 eV. This

value corresponds to a 3d3 con�guration of the Cr3+ ions [57]. This result is in

good agreement with the neutron di�raction data on Fe0:5Cu0:5Cr2S4 polycrystals,

where a value of 2:9�B for the Cr magnetic moment was determined [130].

4.1.1.2 XPS valence band, Cr L�, Cu L�, Fe L�, S K� and S L2;3 XES

spectra

In Fig. 4.7 the XPS valence band spectrum of FeCr2S4 (single crystal) is presented

together with the Cr L�, Fe L�, S K� and S L2;3 XES spectra. The VB spectrum

consists of two bands. The �rst band exhibits a maximum around 4 eV, two

distinct features at � 1:5 eV and 6 eV and a clear step near the bottom of the

valence band. The second band, at higher binding energies, derives from the S

3s states.
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Figure 4.6: The XPS Cr 2p (left) and Cr 3s (right) spectra of the single crystal

Fe0:5Cu0:5Cr2S4.

In order to �nd the partial contributions of the constituent ions (Fe, Cr, S) in

the valence band, the Cr L�, Fe L�, S K� and S L2;3 XES spectra were recorded.

These spectra give information about the partial contributions of the Cr 3d, Fe

3d, S 3p and S 3s states to the valence band. The energy scales of the XES

spectra relative to the Fermi level were calibrated using the binding energies of

the relevant initial core{level states, as determined by XPS.

The features at 1�1:5 eV, 4 eV, 6 eV and 13 eV in the VB spectrum correspond

to the maxima of the Cr L�, S K�, Fe L� and S L2;3 XES spectra. Therefore, we

identify these states as Cr 3d, S 3p, Fe 3d and S 3s. The energy di�erence between

the S 3s and S 3p is � 9 eV, as observed in many other sulphur compounds [96,

108].

The same comparison between the VB{XPS and XES spectra was done for

Fe0:5Cu0:5Cr2S4 and the results are presented in Fig 4.8. Also in this case, the

valence band spectrum consists of two regions: a broad band close to the Fermi
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Figure 4.7: The XPS valence band, XES Cr L�, Fe L�, S K� and S L2;3 spectra

of the single crystal FeCr2S4.

level and a second peak at � 13 eV, due to the S 3s states. The valence band

spectrum of the Cu{doped compound shows an additional feature with the highest

intensity at � 2 eV, which appears to be due to the Cu 3d states. Indeed, the Cu

L� maximum is located at the same energy. There is no clear e�ect on the Fe 3d

and Cr 3d partial density of states related to the Cu presence in the lattice, as

one can observe from the shape of the Fe and Cr L� XES spectra.

The electronic structures of FeCr2S4 and Fe0:5Cu0:5Cr2S4 have been calculated

in the local density approximation (LDA) formalism by using the LMTO (linear

muÆn{tin orbital) method [134]. Similar calculations were performed in the

LDA+U formalism, when the correlation e�ects (U) are taken into account [95].

The calculated densities of states (DOS) for both systems are shown in Fig. 4.9,

where the thick line represents the occupied DOS broadened with the half{width

parameter 0:25 eV, corresponding to the experimental resolution. By taking into
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Figure 4.8: The XPS valence band, XES Cr L�, Cu L�, Fe L�, S K� and S L2;3

spectra of the single crystal Fe0:5Cu0:5Cr2S4.

account the photoionization cross sections of the constituent atoms the calculated

density of states for Fe0:5Cu0:5Cr2S4 are strongly modi�ed around 2 eV, where

the Cu 3d states dominate [95]. This is because the Cu 3d photoionization cross

section is very large with respect to the cross sections of the other constituent

ions. One can observe a clear step near the bottom of the valence band spec-

trum of FeCr2S4, which is not present in the case of Fe0:5Cu0:5Cr2S4 (see Figs. 4.7

and 4.8). The states associated with this feature are given by the minority{spin

state of Fe, as can be observed in Fig. 4.10, where the calculated spin{resolved

partial density of states for FeCr2Se4 and Fe0:5Cu0:5Cr2S4 are shown.

The features at about 6 eV in the valence band spectra of both compounds can

be clearly associated with the majority{spin Fe 3d states. The Cu 3d states are

relatively localized and not a�ected by magnetic splitting. The magnetic moments

at the Cr sites are antiparallel to the Fe moments and very large, 2:75�B, which is
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Figure 4.9: Total density of states (DOS) for FeCr2Se4 and Fe0:5Cu0:5Cr2S4 [95]

(shaded parts); the thick lines correspond to the broadening of the calculated

DOS with the half-width parameter 0:25 eV, that roughly corresponds to the

spectrometer resolution.

in good agreement with the neutron di�raction data [130]. The exchange splitting

of the Cr 3d states is smaller than the exchange splitting of Fe 3d and the energy

position is higher. The contribution of the Cr 3d states to the XPS valence band

spectrum is in the region of 1 � 2 eV, whereas the Cu 3d states are situated

around 2 � 3 eV. These �ndings are in good agreement with the XPS and XES

results presented above.

4.1.2 CuCr2Se4

Let us now discuss the last member of the Fe1�xCuxCr2Se4 series, namely the

very intriguing system CuCr2Se4. In the �rst part the Cu 2p, Cu 3s, Cr 2p

and Cr 3s XPS core levels are presented and the electronic con�gurations of the

corresponding ions are determined. In the second part the XPS valence band

spectrum of the CuCr2Se4 single crystal is discussed in relation to the recently

reported band structure calculations.



4.1 Electronic structure of Fe1�xCuxCr2S(Se)4 73

−5 0 5
                                    Energy (eV)

2

0

2

−5 0 5

2

0

2

   
 D

O
S

 (
st

at
es

 e
V

−
1 /a

t.)

2

0

2

−5 0 5

2

0

2

Fe

Cr

Fe

Cr

Cu

S S

Figure 4.10: Calculated spin{resolved density of states for FeCr2Se4 (left) and

Fe0:5Cu0:5Cr2S4 (right) [95].

4.1.2.1 XPS Cr 2p, Cu 2p, Cu 3s and Cr 3s core level spectra

In Fig. 4.11 the Cu 2p and Cr 2p core level XPS spectra of the CuCr2Se4 single

crystal are presented. The Cu 2p spectrum exhibits a doublet structure due to

the spin{orbit coupling. No additional features were detected, except for a broad

shoulder that arises from the Cr LMM Auger states, which is also present in

the case of Fe0:5Cu0:5Cr2S4 (see Fig. 4.3). The Cu 2p3=2 and Cu 2p1=2 peaks are

located at 932:2 eV and 952:2 eV, respectively, values that are very close to those

determined for several Cu1+ oxides [56] and spinels [95, 194]. The shape of the

spectrum is very similar to the Cu 2p spectra of Fe0:5Cu0:5Cr2S4 (see Fig. 4.3).

The Cr 2p spectrum has a more complicated structure. Besides the spin{orbit

doublet, Cr 2p3=2 and Cr 2p1=2, one can observe a well resolved splitting of the

Cr 2p3=2 peak. The binding energy of the Cr 2p3=2 maximum is 573:7 eV and

the splitting is � 1 eV. An explanation of this splitting is given in detail in the
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Figure 4.11: The XPS Cu 2p and Cr 2p spectra of CuCr2Se4 (single crystal).

Section 4:2:1, where similar behaviour is reported for other S and Se spinels.

The Cu 3s spectrum of the CuCr2Se4 single crystal (Fig. 4.12) does not ex-

hibit exchange splitting, as for Fe0:5Cu0:5Cr2S4. This clearly shows that the

Cu 3d states are fully occupied (3d10) and therefore one can conclude that in

CuCr2Se4 the formal valence of the Cu ions is 1+, in agreement with the Lotger-

ing model [106, 107].

4.1.2.2 XPS valence band spectrum

The VB XPS spectrum of the CuCr2Se4 in the energy region from �2 eV to 10

eV is presented in Fig. 4.13. The valence band extends from Fermi level up to

� 7:5 eV. The broad band has a two{peak structure (� 2:5 eV and � 4 eV). The

Se 4s only contributes with states at higher binding energies.

In order to identify the states in the valence band, we compare the experi-

mental results with recently reported band structure calculations [9], which are

shown in Fig. 4.14. The large band in Fig. 4.13 appears to derive from a bonding

combination of Cu 3d, Cr 3d and Se 4p states. The states close to the Fermi

level are mainly due to Cr 3d and Se 4p. At about 1:5� 2 eV, the Cu 3d states
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Figure 4.12: The XPS Cu 3s spectra of the single crystals: CuCr2Se4 (H) and

Fe0:5Cu0:5Cr2S4 (Æ).

dominate and give a large contribution to the total density of states (taking into

account that the Cu 3d cross section is larger than that of Se 4p and Cr 3d). The

Cr 3d states appear to be less localized than the Cu 3d states since they extend

over a wider energy range. The sharp structure around 4 eV in the valence band

spectrum reects the Se 4p hybridized with the Cr 3d states, which extend also

to higher binding energies.

4.2 Other spinel chalcogenides: ACr2X4

The A1Cr2S4 (A1= Cd, Mn, Fe, Fe: Cu) and A2Cr2S4 (A2= Cd, Cu, Hg, Hg:

Cu) single crystals were grown by chemical transport reaction using chlorine or

iodine as transport agents. The ZnCr2S4 polycrystals were prepared by solid state

reaction [179].

The normal spinels CdCr2S4, CdCr2Se4 and HgCr2Se4 are semiconducting

ferromagnets having the Curie temperatures of 85 K, 130 K and 106 K [13, 101],

whereas MnCr2S4 is a semiconducting ferrimagnet with TC= 95 K [62, 38]. In

the case of ZnCr2S4 an insulating antiferromagnetic behaviour (TN= 16 K) was

reported [103, 86]. By contrast with most of the chalcogenide Cr spinels that are

semiconductors, CuCr2S4 and CuCr2Se4 are metallic ferromagnets with Curie



4.2 Other spinel chalcogenides: ACr2X4 76

10 8 6 4 2 0 -2

Se 4p

Cr 3d

Cu 3d

CuCr
2
Se

4In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

Binding energy (eV)

Figure 4.13: The XPS valence band spectrum of CuCr2Se4 (single crystal).

temperatures well above the room temperature (TC= 377 K and TC= 430 K,

respectively [125]).

In the last few years the electronic structure of sulphur and selenium spinels

has been an active topic of many studies due to their large variety of physi-

cal properties and their potential applications. Recently reported experimental

and theoretical investigations of the electronic structure of related compounds,

Cu1�xNixRh2S4 and CuRh2S4 [69], CuIr2S4 [113], CuM2S4 (M=Co, Rh, Ir) [127],

CuV2S4 c[108], CuS, CuFe and FeCuS2 [96], are consistent with the monovalent

character of the Cu ions. In a previous XPS study of the CdCr2S4 and ZnCr2S4

spinels [15] the binding energies of the Cr 2p3=2 (575:7 eV and 575:6 eV) and S 2p

levels (162:1 eV and 162:2 eV) were reported. The same Cr 3s splitting (4 eV)

was found for both systems.

4.2.1 XPS Cr 2p core level spectra

The Cr 2p core level XPS spectra of the sulphide spinels A1Cr2S4 (A
1= Zn, Mn,

Cd, Fe, Fe:Cu), normalized to their maximum are presented in Fig. 4.15. For

MnCr2S4 and ZnCr2S4 charging e�ects took place due to their more insulating

character in comparison with the other studied compounds. By using a low energy

electron ood gun, the charging e�ects could be neutralized.

For all investigated sulphides a clear splitting of the Cr 2p3=2 lines was found.
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Figure 4.14: The spin{projected semirelativistic partial density of states of -

CuCr2Se4 (states/atom eV spin) [9].

The value of this splitting, very similar for all investigated compounds, is �
1:0� 0:1 eV.

For magnetic ions the splitting of their core levels is generally attributed to

the spin polarisation of the 3d states. A similar splitting of the Mn 2p core level in

half{metallic ferromagnetic Heusler alloys was recently reported and considered

as a result of the well de�ned local 3d states of the Mn ions [197].

Very recently, the well resolved �ne structure observed in the Mn 2p XPS 2p

spectra of atomic Mn was interpreted on the basis of atomic multiplet splitting

due to the 2p{3d Couloumb interactions [191]. The importance of the interaction

2p{core hole and 3d{valence electrons was also underlined for Cr by a linear

magnetic dichroism study [190, 189].

A very well resolved splitting of the Cr 2p3=2 levels was also observed in Cr{

chalcogenide selenides. The Cr 2p XPS spectra of the A2Cr2Se4 (A
2= Cd, Hg,
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Figure 4.15: The XPS Cr 2p spectra of: ZnCr2S4, polycrystal (a), MnCr2S4 (b),

CdCr2S4 (c), FeCr2S4 (d) and Fe0:5Cu0:5Cr2S4 (e) - single crystals.

Hg: Cu, Cu) single crystals are presented in Fig. 4.16. The value of the Cr 2p3=2

splitting for selenides was found be very similar to that found for sulphides (see

Fig. 4.15).

A linear dependence between the Mn 2p splitting and the local magnetic

moments in some Heusler alloys was recently determined [136]. In order to

estimate the magnetic moment at the Cr{site in the investigated compounds,

we have used the magnetic moments values from literature and compared the Cr

2p3=2 and Mn 2p3=2 splittings [136]. For Co2MnAl a Mn local magnetic moment of

3:0 �B was determined by neutron scattering and a Mn 2p splitting of 1:0 eV was

measured ([197]). For MnCr2S4, CdCr2S4 and Fe1�xCuxCr2S4 (x=0:0, 0:5) values

of the local Cr magnetic moment of 3 �B and 2:9 �B were reported [116, 140,
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Figure 4.16: The XPS Cr 2p spectra of the single crystals: CdCr2Se4 (a),

HgCr2Se4 (b), (Hg:Cu)Cr2Se4 (c) and CuCr2Se4 (d).

159, 130]. The Cr 2p3=2 splitting value of 1 � 0:1 eV corresponds to a magnetic

moment of 3 �B, which is in good agreement with the values determined by

neutron di�raction and magnetic measurements.

Although the investigated compounds exhibit completely di�erent macro-

scopic magnetic properties, the same values of the Cr 2p splitting could indi-

cate similar values of the local magnetic moment of the Cr3+ ions with the 3d3

electronic con�guration.

4.2.2 XPS Cr 3s, Mn 3s and Fe 3s core level spectra

Fig. 4.17 shows the Cr 3s spectra of ACr2S4 (A= Mn, Zn, Cd) and (Fe, Cu)Cr2S4

crystals. For all investigated sul�des a well resolved Cr 3s multiplet splitting (� 4
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Figure 4.17: The XPS Cr 3s spectra of the ACr2S4 (A= Mn, Zn, Cd, Fe, Fe:Cu)

crystals (left); XPS Fe 3s (a) and Mn 3s spectra (b) of the single crystals MnCr2S4
and FeCr2S4 (right).

eV) can be observed; the same value of the splitting indicates similar Cr{magnetic

moments in the investigated samples. The electronic con�gurations of the Cr ions

in ACr2S4 (A= Mn, Zn, Cd, Fe, Fe: Cu) is the same and its value corresponds

to Cr 3d3 [57]. A previous study of the CdCr2S4 polycrystals reported similar

values of the Cr exchange splitting [15].

The Fe 3s and Mn 3s spectra of FeCr2S4 and MnCr2S4 are presented in

Fig. 4.17. There is a well resolved splitting of the 3s levels in both cases. For the

FeCr2S4 single crystal we found a Fe 3s splitting of 5:4 eV, which corresponds to

Fe3+ and is in very good agreement with the neutron di�raction results obtained

for the polycrystalline samples of the same compound [159]. In binary manganese

oxides, a splitting of the Mn2+ 3s level of 6:2 eV was reported [57]. For MnCr2S4

we found a splitting of the Mn 3s of 5:7 eV, smaller than we would expect for

Mn2+. There are two possible explanations for the observed e�ect: (1) the mag-

netic moment is reduced due to the existence of Mn3+, or (2) the measured 3s
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Figure 4.18: The XPS S 2p spectra of ACr2S4 (A= Cd, Mn, Fe) (left) and XPS

Se 3d spectra of Hg1�xCuxCr2Se4 (x = 0; 0:04; 1) (right).

splitting is smaller due to the covalence e�ect, as reported for other Mn com-

pounds [66]. We associate the reduced Mn 3s splitting with covalency since the

existence of Mn3+ was completely ruled out [126]. Therefore, one can conclude

that in MnCr2S4 the Mn ions are bivalent having a 3d5 electronic con�guration.

This result is in agreement with the reported neutron di�raction data, where a

magnetic moment of 4:7�B was found for Mn2+ [116].

The S 2p spectra of ACr2S4 (A= Cd, Mn, Fe) are presented in Fig. 4.18. The

spectral shape is the same for the investigated sulphur spinel and they are typical

for bivalent S ions. There is no indication of sulphur dimers, as observed for CuS

or FeS2.

The Se 3d spectral shape of Hg1�xCuxCr2Se4 (x = 0; 0:04; 1) do not change

with composition. In the Fig. 4.18, the spectra for Hg0:96Cu0:04Cr2Se4and HgCr2Se4

were shifted by 0:3 eV and 0:5 eV, respectively, due to the charging e�ect. There

is no charge e�ect for CuCr2Se4, since it has a metallic behaviour.
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In this chapter we have investigated Cr{chalcogenide spinels ACr2X4 (where

A= Mn, Fe, Cu, Zn, Hg; X=S, Se). X{ray photoelectron and X{ray emission

spectrocopy were used to study their electronic structures. Although they have

been intensively investigated since the '60s, there are still open questions related

to their properties.

A special attention was paid to the Fe1�xCuxCr2S4 (x = 0:0; 0:5) compounds,

not only because they were recently reported as exhibiting CMR e�ect close to the

room temperature, but also in order to investigate the long{standing controversy

related to the Cu valence in these systems. Single crystals were investigated.

From the exchange splitting of the Cu 3s states, we have concluded that

in Fe1�xCuxCr2S(Se)4 (x = 0:0; 0:5; 1:0) the Cu ions are in the Cu1+ state, in

accordance with the Lotgering model [106, 107]. Additional information about

the electronic con�gurations of the constituent ions was obtained from other

core level XPS spectra (Cu 2p, S 2p, Fe 2p, Fe 3s, Cr 2p and Cr 3s). The

Fe 3s and Cr 3s splitting values indicate 3d6 and 3d3 electronic con�gurations

for Fe and Cr. Furthermore, making use of the XPS and XES techniques, we

have determined the partial contributions of the constituent ions to the valence

band. The experimental data were found to be in excellent agreement with the

ab-initio TB{LMTO band structure calculations [95]. For FeCr2S4, the valence

band consists of Fe 3d, Cr 3d and S 3p states. The Cr 3d states were found to be

less localized than the Fe 3d states. On going from FeCr2S4 to Fe0:5Cu0:5Cr2S4,

no signi�cant changes in the Cr 3d and Fe 3d states distribution were observed.

The Cu 3d states were identi�ed just below the Cr 3d states.

The similar Cr 3s splitting for all investigated compounds suggests the same

3d3 electronic con�guration of the Cr ions, although they have di�erent electronic

and magnetic properties. The well resolved Cr 2p splitting observed for all inves-

tigated sul�des and selenides reveals the localized character of the Cr magnetic

moments and its value corresponds to the 3d3 electronic con�guration.



Chapter 5

Vanadium oxides

The vanadium oxides have been extensively studied over the past few decades

due to their interesting electric and magnetic properties. It is well known that

many compounds may form in the vanadium{oxygen system, such as V2O3, V2O5

and VO2, VO, VnO2n�1 (Magn�eli phases) and V2nO5n�2 (Wadsley phases). Most

of the vanadium oxides exhibit metal{to{insulator transitions (MIT) and many

experimental and theoretical studies have been done in order to investigate the

mechanism behind MIT [123, 3, 76].

5.1 V2O3, V2O5 and VO2

Many spectroscopic studies have been perfomed on vanadium oxides, including

X{ray photoelectron (XPS), X{ray absorption (XAS), X{ray emission (XES)

spectroscopies [154, 41, 208, 209, 83, 2, 156, 192, 35]. Despite this, there are

still many open questions related to the surface characterisation of V2O5, the

phase transitions mechanism in V2O3 and VO2, which is related by some authors

to a Mott{Hubbard scenario, whereas others attribute it to the electron{phonon

coupling on the basis of the change in crystal symmetry.

V2O5 is a diamagnetic insulator with a layer type orthorhombic structure

(Pmnm), widely used as catalyst [26, 169]. There are three structurally di�erent

oxygens: vanadyl oxygens, coordinated to only one vanadium atom through a

short distance (1:58 �A), bridge oxygens, coordinated to two vanadium atoms and

chain oxygens, coordinated to three vanadium atoms, respectively (see Fig. 5.1).
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Figure 5.1: Crystal structure of V2O5: vanadium atoms are represented by black

spheres and the three types of oxygen atoms, vanadyl, bridge and chain are shown

as light gray, dark gray and white spheres, respectively [11].

The V 2p, O 1s and V 3s core level XPS spectra of the V2O5 single crystal
1

are shown in Fig. 5.2. The V 2p3=2 level exhibits a narrow line at � 517:1 eV and

the O 1s peak is located at 530 eV. Similar values were previously reported [14,

154, 115, 83]. No splitting of the V 3s line was observed, according to the 3d0

electronic con�guration of the V5+ ions.

The valence band spectrum, shown in Fig. 5.3, consists of a wide band with

the highest intensity at � 5:5 eV. Other two structures can be observed in the

spectrum, at the bottom and top of the wide band (� 7:4 eV and � 3:5 eV). The

O 2s level has a binding energy of � 21:5 eV.

Band structure calculations of V2O5 have been performed since early 80
0
s [99,

25] and the results were in agreement with the available experimental data [54, 53].

Recent calculations based on density{functional theory [49, 29] pointed out the

hybridization of the V 3d and O 2p states in the valence band. The partial

1all vanadium oxide{single crystals investigated in this study were provided by W. Reichelt,

Inorg. Chem. Dept., Univ. of Dresden.
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Figure 5.2: XPS core level spectra of the single crystal V2O5: V 2p and O 1s

(left), V 3s (right).

densities of states (PDOS) for di�erent oxygen types in V2O5 have been calcu-

lated [11, 72, 49, 29, 210] and it has been shown that the vanadyl oxygen 2p

states are localized near the center of the valence band, whereas the PDOS of

the bridge and chain oxygens extent over the whole energy range of the valence

band. Therefore we associate the most prominent peak in the spectrum at � 5:5

eV with emission from terminal oxygen and the features at the top and bottom

of the VB with bridging oxygen 2p states, hybridized with V 3d.

A photoemission feature in the O 2s{O 2p band gap of V2O5 was found at

� 11:2 eV [158]. Similar satellite structures in the valence band spectrum has

been assigned to the inelastic scattering of the photoexcited O 2p electrons [64].

Anyway, in our spectra of a fresh cleaved single crystal we do not observe any

satellite structures. In [93] it has been shown that the existence of such additional

structure in the valence band spectrum of VO2 is not an intrinsic feature of the

electronic structure, but connected with carbon contamination.

VO2 undergoes a lattice coupled insulator{to{metal transition around 340

K. The low{temperature monoclinic structure (P21=c) changes at the transition
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Figure 5.3: XPS valence band spectrum of the single crystal V2O5.

temperature to a distorted rutile phase (P42=mnm). Due to the cubic component

of the octahedral crystal �eld the V 3d levels are split into triply degenerate lower

t2g and doubly degenerate eg levels. One of the t2g orbitals points toward the

orbital of the nearest vanadium atom and forms the dk band. The other two

t2g orbitals are hybridized with the O 2p orbitals and form the �� band. The

higher eg orbitals are highly hybridized with the O 2p orbitals and form a wide

�
� band [63].

In the metallic phase, the narrow dk band overlaps with the �� band of the

antibonding V{O orbitals and gives the metallic conduction as a result of partial

occupancy (d0:7
k
�
� 0:3) [20]. In the insulating phase the dk band is split into upper

and lower dk bands. The �
� band is now situated above the Fermi level, between

the two dk bands, as illustrated in Fig. 5.4.

The XPS core level V 2p, O 1s and V 3s spectra of the VO2 single crystal are

presented in Fig. 5.5. The V 2p3=2 and O 1s peaks are located at � 516 eV and

530 eV, respectively.

The VB spectrum, shown in Fig. 5.6, consists of a wide band (3� 9 eV) with

a two{peaks structure and a low intensity peak below the Fermi level, centered

at � 1 eV. In order to �nd the partial contributions of the V and O states in the

valence band spectrum we use the soft X{ray emission results [156]. The peak
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for VO2 (after [157]).

close to the Fermi level mainly arises from the V 3d states; the O 2p contribution

in this energetic region is low, but not zero [156]. The large band consists of

highly hybridized O 2p and V 3d states: the feature at about 5:5 eV corresponds

to the maximum of the O 1s emission spectrum, whereas the second structure at

7:3 eV has a strong V 3d component. These results are in good agreement with

band structure calculations [93, 209, 34]. Therefore, one can conclude that V 3d

and O 2p are strongly hybridized with each other over the full energy range of

VB.

V2O3 is one of the �rst examples of a material exhibiting an interaction{

driven Mott{Hubbard metal{to{insulator transition. It exhibits the MIT at 160

K with a conductivity increase of 6{7 orders of magnitude. The room temperature

corundum (Al2O3{type) structure in which the vanadium ions are arranged in V{

V pairs along the c axis and form a honeycomb lattice in the ab plane changes

at the transition temperature to a hexagonal crystal structure.

The oxidation state of the vanadium ions is V3+ with a 3d2 con�guration. Each

V ion is surrounded by an octahedron of O atoms. Due to the trigonal distorsion

of the V2O3 lattice, the t2g orbitals are split into nondegenerate a1g and double

degenerate eg levels. Although direct information about the electronic structure

of V2O3 has been obtained by photoemission and other spectroscopic studies since
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Figure 5.5: XPS core level spectra of VO2: V2p and O 1s (left), V 3s (right)

the 1970s the electronic state of this material is still controversial.

5.2 Mixed{valence compounds: V6O13, V4O7 and

V3O5

V6O13 is the most important lower oxide of V2O5. The crystal structure was

determined as formed by VO6 octahedra linked together by edges and corners [4,

193]. Like other vanadium oxides, it exhibits a phase transition from a metallic

state to a semiconductor at Tt= 145 K. V6O13 is a mixed{valence oxide, consisting

of V4+ (3d1) and V5+ (3d0) ions. The MIT mechanism in this compound has been

the subject of several experimental studies [157].

The V3O5 shows a phase transition around 425 K. Unlike the above systems,

its monoclinic structure does not change through the transition point (there is

only a small change in the lattice parameters) [32, 84]. There are very few spec-

troscopic studies related to the metal{insulator transition in V3O5 [185].

The metal{insulator transition for V4O7 occurs at 250 K [89]. In the crystal
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Figure 5.6: XPS valence band spectrum of the single crystal VO2.

structure of V4O7, considered to consist of two regions, rutile{type and corundum{

type, the oxygen atoms form a deformed hexagonal close packing arrangement [74].

5.2.1 XES V L� and O K�, XPS valence band and V 2p

spectra

In the Fig.5.7 the XPS valence band, V L� and O K� XES spectra for the V6O13

polycrystal are shown. In the same �gure we present a comparison of the valence

band XPS spectra of the V2O5, V6O13 and VO2 single crystals. The valence band

spectra of the single{ and poly{crystals are similar. They consist of a small peak

close to the Fermi level, as for VO2 and a wide band that arises from O 2p states

hybridized with V 3d states, as can be deduced from the comparison of the XPS

VB with the XES spectra (see Fig.5.7).

UPS spectra have been previously reported [157] and a three-peaks structure

of the wide band (2 � 8 eV) was observed, similar to V2O5. The origin of the

small peak is mainly of V 3d character, but the O 2p contribution in this energy

region is not zero, as one can deduce from the shape and position of the O K�
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Figure 5.7: XPS valence band, XES V L� and O K� spectra of the V6O13

polycrystal (left); XPS valence band spectra of the V2O5, V6O13 and VO2 {

single crystals (right).

XES spectrum. Therefore, one can conclude that there is a strong hybridization

of the V 3d and O 2p states in the VB of V6O13.

The V 2p core level spectra for several vanadium oxides: V6O13, V4O7, V3O5

recorded at the room temperature are presented in Fig. 5.8. For comparison the

V 2p spectra of V2O5, VO2 and V2O3 are also shown. For V5 the V 2p3 line is

narrow, but for the other systems it becomes broader. The broad structures of the

V 2p3 lines in VO2(V
4) and V2O3(V

3) were explained by the various multiplet

con�gurations in the photoemission �nal states, related with the core hole{3d

electrons interaction [209, 154, 164]. Such e�ect is particularly strong in V2O3,

where there are two electrons in the V 3d shell. A clear step was found at the low

binding energy side of the V 2p3=2 line in V2O3. This structure remains visible

in the V 2p spectra for V4O7 and V3O5. For V6O13, V4O7, V3O5 wide V 2p lines

are expected due to the mixed{valence character of the vanadium ions. However,

for V4O7, V3O5, as well as for V2O3 the large width of the V 2p lines might be

due, to some extent, to the occurrence of the defects at the surface; the feature
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seen at � 512:7 eV (close to the V 2p3=2 binding energy for V metallic) could

originate from defects and/or a disproportion at the surface. For V6O13 and

V4O7 asymmetrical line (Doniach{Sunjic) shapes are observed, characteristic for

metallic systems.
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Figure 5.8: The XPS V 2p spectra for V2O5, V6O13, VO2, V4O7, V3O5 and

V2O3{single crystals.

5.2.2 XPS study of the metal{insulator transition in V6O13,

V4O7 and V3O5

The valence band spectra of V6O13, V4O7 and V3O5, below and above the metal{

insulator transition temperatures (145 K, 250 K and 425 K, respectively) are

presented in Fig. 5.9. There are no real changes in the "O 2p band", so we will

focus our attention on the small peak located close to the Fermi level.

For V3O5 there is a change in the "V 3d band" shape and intensity through the
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Figure 5.9: The valence band spectra for V6O13, V4O7 and V3O5 { both phases:

metallic and insulating.

transition point. The width of the band is almost the same in the two phases. A

possible explanation for the low intensity of this band at room temperature is the

oxidation e�ect which could occur at the surface. Previously, it was reported that

at the transition temperature the valence band spectra of V3O5 slightly shifts to

lower binding energy and the V 3s and V 3p levels (� 0:3 eV) also shift to lower

binding energies as compared to the spectra recorded at room temperature [185].

For V6O13 a very small shift of the "V 3d band" maximum through the tran-

sition point is observed (see Fig.5.9). Using UPS a shift of � 0:15 eV to smaller

binding energies in the insulating phase was reported [157].

Clear changes are observed in the VB spectra of V4O7 through the MIT.

The V 3d peak becomes wider in the metallic phase. A �nite spectral weight

at the Fermi level at room temperature is observed, consistent with its metallic

behaviour.
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5.3 Mo{doped vanadium oxides: V2�xMoxO5

Vanadium oxides are very interesting due to the variety of the vanadium oxidation

states (2 + �5+). In the binary vanadium oxides the mixed{valence state can

be realized by changing the V/O ratio, whereas in the ternary oxides when the

vanadium ions are substituted by other transition metals with di�erent number

of d{electrons.

In the vanadium bronzes, MxV2O5 or MxTyV2�yO5, (where M is a monova-

lent metal, as Na and T= Mo, W) V5+ apparently must switch to V4+ in order

to accommodate the charge of the additional cations. Many studies have been

done on the electric and magnetic properties of these very interesting materi-

als [177]. Unfortunately, the tuning of the vanadium valence in these compounds

was directly observed only in few cases using spectroscopic techniques. X{ray

absorption spectroscopy was used in order to determine the charge state and the

coordination geometry in a series of mixed{valence vanadium bronzes [110].

Here we report a spectroscopic study of the mixed-valent system V2�xMoxO5

by using X{ray photoelectron and X{ray emission spectroscopy 2.

� Experimental details

The V2�xMoxO5 compounds were prepared by the hydrochemical method

with mixing of V2O5 and Mo and adding of water with consequent annealing at

700ÆC during 100 hours. According to the thermochemical analysis compounds

with chemical formula V2�xMoxO5 � H2O were formed. The crystal structure of

these compounds was identi�ed to be the same as for V2O5 (orthorhombic) with

the lattice parameters for V1:3Mo0:7O5 � 1:4 H2O: a = 11:521(7) �A, b = 3:570(2)

�A and c = 4:375(3) �A.

The XPS spectra were recorded with the Phi 5600ci spectrometer using mono

chromatized Al K� radiation. The energetic resolution, determined as 1:5 % of

the pass energy, was estimated to be � 0:35 eV. During the measurements the

pressure in the main chamber was below 5 �10�9 mbar. The pressed pellets of the

2This study was done in collaboration with Prof. Kurmaev group, Ekaterinburg, where the

XES measurements were performed and Dr. A. Postnikov, who performed the band structure

calculations [43, 44].
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V2�xMoxO5 samples were cleaved in ultra{high vacuum before the XPS measure-

ments. The contamination with carbon was found to be low. All investigations

were performed at room temperature. The spectra were calibrated using the Au

4f7=2 signal (EB(4f7=2)= 84:0 eV) from an Au-foil.

The Mo L�2:15 X{ray emission spectra were measured using a uorescent

Johan{type spectrometer with position{sensitive detector [45]. The energy posi-

tion was detected with the accuracy of � 0:25 eV.

The V L� and O K� X{ray emission spectra were measured with a RSM{500

type X{ray vacuum spectrometer with a di�raction grating (N= 4600 lines/mm;

R= 6 m) and electron excitation. Spectra were recorded in the �rst order of

reection by a secondary electron multiplier with a CsI photocathode. The energy

resolution was � 1 eV.

5.3.1 XPS core level spectra: Mo 3d, V 2p and O 1s

In order to get information about the changes in the electronic structure of the

V2�xMoxO5 solid solutions by varying the Mo doping, we have investigated the

Mo 3d, O 1s and V 2p core levels by using X{ray photoelectron spectroscopy.

In Fig. 5.10 one can observe that the Mo 3d XPS spectra do not change with

the Mo doping and are very similar to the Mo 3d spectrum of MoO3 (Mo6+, 4d0).

The O 1s XPS spectra are very similar for all investigated compounds. The O

1s peaks are situated at the same binding energies. Moreover, the O 1s FWHMs

(full width at half{maximum) does not depend on the Mo content (see inset in

Fig. 5.10, right panel).

Thus, we can conclude that the variation of the valences in the V2�xMoxO5

system is not due to the possible changes of the oxidation states of the Mo atoms

and also that no oxygen holes (O�) are created during Mo{doping.

Further, we have investigated the V 2p core level XPS spectra (Fig. 5.11) in

order to check the possible changes in the electronic con�guration of the vanadium

ions. For all investigated samples, the V 2p XPS spectra show doublet structures,

due to the spin{orbit coupling. The V 2p3=2 lines have similar characteristics: a

maximum located at 517 eV and a shoulder at � 516 eV. The �rst feature is

located at the same binding energy as the V 2p3=2 peak of V2O5, where only V
5+



5.3 Mo{doped vanadium oxides: V2�xMoxO5 95

231 234 237 240

x=0.1

Mo 3d3/2

Mo 3d5/2

x=0.8

x=0.6

x=0.4

x=0.2

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding energy (eV)
536 534 532 530 528 526

532 530 528

O 1s

x=1.0

x=0.8

x=0.6

x=0.4

x=0.2

x=0.1

O 1s 

x=0.0

In
te

n
si

ty
 (

a
rb

. 
u

n
its

)
Binding energy (eV)

Figure 5.10: The XPS Mo 3d (left) and O 1s (right) spectra of V2�xMoxO5.

ions are present. The intensity of the shoulder at 516 eV increases with the Mo

doping and its corresponding binding energy is very close to that of the V 2p3=2

peak of VO2 (where the vanadium ions appear as V4+). Therefore, we attribute

the maximum at 517 eV and the shoulder at � 516 eV to the V5+ and V4+ ions,

respectively, and conclude that by Mo doping the partial reduction of the V5+ to

V4+ ions takes place.

For a similar compound, NaxV2O5 it has been shown that each additional

positive charge added to the V2O5 lattice by the Na doping switches one V
5+ ion

to V4+ [110]. In our case a good quantitative analysis of the V 2p spectra is not

possible due to the poor quality of the powder samples. For example, in the case

of V1:2Mo0:8O5 the V
4+/V5+ ratio is less than 2 and not 2 : 1, as we would expect

by taking into account the former assumption. We explain this by the strong

surface oxidation in the case of polycrystalline samples. In the inset of Fig. 5.11

one can see a very big di�erence in the V 2p XPS spectra of the same compound,
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Figure 5.11: XPS V 2p spectra of the solid solutions V2�xMoxO5 and the reference

samples: VO2 and V2O5 (powders provided by Alfa); in the inset: V 2p spectra

of the reference compound VO2: single crystal and powder (Alfa).

VO2{ single crystal and powder3 samples. In the single crystal spectrum the V

2p3=2 line is rather narrow, with a maximum at � 516 eV, reecting the V4+ 2p

states and a low{intensity shoulder at higher binding energies, which corresponds

to the V5+ ions (low surface oxidation e�ect). A completely di�erent shape of

the V 2p3=2 line is observed for the VO2{polycrystalline sample: the maximum

is in this case located at � 517 eV (V5+). In the last case the oxidation e�ect

appears to be extremely high and much attention has to be paid in analyzing the

XPS spectra of the polycrystalline samples.

3provided by Alfa.
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5.3.2 XPS valence band, V L�, O K� and Mo L�2:15 XES

spectra

The XPS valence band spectra of the V2�xMoxO5 (x= 0:1, 0:2, 0:4; 0:6, 0:8) solid

solutions are presented in Fig. 5.12.
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Figure 5.12: XPS valence band spectra of the solid solutions V2�xMoxO5; in

inset: comparison of the VB spectrum of V1:2Mo0:8O5 with the VB spectra of two

reference compounds: VO2 and V2O5.

All spectra are characterized by a wide band (3 � 9 eV) and a low{intensity

feature centered at � 1 eV. The shape of the broad band does not change with

the Mo content, but the intensity of the low{energy feature is increasing with x

for all investigated compounds. A comparison of the valence band spectrum of
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V1:2Mo0:8O5 with those of the reference compounds VO2 and V2O5 is shown in

the inset of Fig. 5.12. One can see that the small peak close to the Fermi level

was not detected in the VB spectrum of V2O5 (V5+, 3d0) and has the highest

intensity for VO2 (V
4+, 3d1).

The XPS valence band, Mo L�2:15, V L� and O K� XES spectra of V2�xMoxO5

(x = 0:4; 0:6) are shown in Fig. 5.13. In order to identify the Mo 4d, V 3d and O

2p partial contributions to the density of states, the XES Mo L�2:15, V L� and

O K� spectra were recorded. In this case the contribution of the surface layers

is very small since XES mostly probes bulk electron states.
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Figure 5.13: XPS valence band (Æ), XES Mo L�2:15 (�), V L� (N) and O K� (�)
spectra of the solid solutions V2�xMoxO5 (x = 0:4; 0:6).

The alignment of the Mo L�2:15, V L� and O K� XES spectra on the binding

energy scale was done using the Mo L�1 (2293:16 eV), Mo 3d5=2, O 1s and V 2p3=2

energetic positions. The shape and energetic position of the Mo L�2:15 spectrum

strongly depend on the valence state of the Mo atoms [31].
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Figure 5.14: XES V L� spectra of V1:4Mo0:6O5 (H), V1:6Mo0:4O5 (�) and -

V1:8Mo0:2O5 (N); in inset: the XES O K� spectra of the same compounds.

In the case of V1:4Mo0:6O5, the Mo L�2:15 spectrum consists of only one band,

reecting the Mo 4d{states distribution in the occupied O 2p{like band due to

the O 2p{Mo 4d hybridization. The second weak structure in the Mo L�2:15

spectrum of V1:6Mo0:4O5 situated at lower energies might indicate that only part

of the additional electrons induced by the Mo doping are tranferred to vanadium,

whereas some of them remain on the Mo atoms. This could be related to the

changes in the crystal structure, from orthorhombic to monoclinic at x = 0:4 [85].

However, the Mo 3d XPS spectra of all investigated compounds are characterized

by the same shape and binding energies. They are very similar to the Mo 3d XPS

spectrum of MoO3, indicating a 4d
0 electronic con�guration of the Mo ions.

The V L� and OK� XES spectra of V1:4Mo0:6O5, V1:6Mo0:4O5 and V1:8Mo0:2O5

are presented in Fig. 5.14. The interpretation of the V L� spectra is complicated
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because the high{energy part overlaps with the V L� (2p3=2 ! 3d4s) spectra.

However, one can observe a rise of the intensity in the high{energy band with x

, which indicates an increase in the occupancy of the V 3d states, in agreement

with the XPS results [43]. The O K� XES spectra (inset in Fig. 5.14) do not

change with composition.
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Figure 5.15: V2�xMoxO5: partial V 3d and Mo 4d density of states (PDOS) con-

tributions together with total DOS per unit cell for the case of two Mo impurities.

The partial density of states (PDOS) corresponding to the local V 3d and Mo

4d contributions, as well as the total density of states (DOS) per unit cell, are

shown in Fig. 5.15 for the case when two Mo impurities enter two di�erent V{O

warped planes and hence interact rather weakly.

The total DOS still resembles that of pure V2O5 with the lower (narrow)

conduction band separated from the higher (broad) one. An additional quarter of
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electron per formula unit provided by the Mo atoms shifts the Fermi level into the

narrow conduction band. The distribution of the Mo 4d states in the valence band

is, as compared to V 3d, clearly ranging to lower energies. Simultaneously, the

unoccupied Mo 4d states are somehow higher in energy than V 3d. This reveals a

stronger Mo{O hybridization and larger splitting into bonding and antibonding

states, as compared to the V{O interaction, tendency that holds (apart from

small variations related to the degree of localization of the Mo 4d states) for

other two{impurity con�gurations studied.

On the basis of the XES results and band structure calculations we can reliably

identify the structures of the XPS valence band: the wide band located at 3� 9

eV is due to the O 2p states strongly hybridized with Mo 4d and V 3d states.

The low{energy weak structure in the XPS valence band spectra arises from V

3d and Mo 4d contributions. Its intensity increases with the Mo doping and this

reects the increasing occupancy of the d{states.

Spectroscopic investigation of several vanadium oxides was performed by XPS

and XES. Single crystals of V2O3, V2O5, VO2, V6O13, V4O7 and V3O5 were

available4. Our attention was focused on the mixed{valence oxides, which have

been less investigated. New XPS results for V6O13, V4O7 and V3O5 in both

phases, metallic and insulating, were reported. It was found that only small

changes in the valence band spectra of the above systems occur through the

metal{insulating transition. These changes are related to the V 3d bands, for

which slight changes in the shape and width were observed. No detectable changes

were found for the O 2p bands. The electronic structures for the mixed{valence

oxides are characterized by signi�cant V 3d{O 2p hybridization, concluded from

the comparison between the XPS and XES data.

The V2�xMoxO5 solid solutions were investigated by X{ray photoelectron and

X{ray emission spectroscopy. The core levels analysis revealed that the V4+

content increases in the V2�xMoxO5 series when x increases. The X{ray emission

measurements allowed us to localize the Mo 4d, V 3d and O 2p contributions in

the valence band. During Mo doping, the density of states just below Fermi level

4Prof. W. Reichelt from University of Dresden is acknowledged for providing the single

crystals.
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is enhanced. The V 3d and Mo 4d states were found to be responsible for the

density of states close to Fermi level. Strong hybridization of the O 2p, V 3d

and Mo 4d states was experimentally observed and supported by band structure

calculations.



Chapter 6

Cu{doped magnesium oxides

Here we present a spectroscopic study of the Mg1�xCuxO compounds by using

XPS and XES techniques [55]. The core level XPS spectra are used to obtain

information about the Cu 3d{O 2p bonding character, in relation to the more

investigated CuO system. The comparison between XPS valence band and XES

spectra gives the possibility to establish the partial copper and oxygen contribu-

tions to the total density of states.

6.1 XPS Cu 2p and Cu 3s core level spectra

The XPS Cu 2p spectra of Mg1�xCuxO (x = 0:1; 0:15; 0:2)1 are presented in

Fig. 6.1. Besides the spin{orbit doublet, Cu 2p3=2 and Cu 2p1=2, all spectra exhibit

broad satellite structures characteristic for the Cu2+ oxides. For comparison, the

Cu 2p spectrum of CuO is shown. The main line Cu 2p3=2 is accompanied by a

broad satellite (939�945 eV) with a �ne structure that arises from the interaction

between the 2p core hole, created during the XPS process, and the 3d9 electronic

con�guration in the �nal state of photoemission [183].

The main lines are associated to the c�1d10L�1 states, whereas the satellites

are mainly described by c�1d9. L�1 and c�1 denote holes on the 2p level of oxygen

{ due to the charge transfer from the ligand 2p to the Cu 3d level, and on the Cu

2p core level { created during the photoemission process, respectively.

1prepared by the solid{state reaction using commercial MgO and CuO powders.
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Figure 6.1: XPS Cu 2p spectra of CuO (a), Mg0:8Cu0:2O (b), Mg0:85Cu0:15O (c)

and Mg0:9Cu0:1O (d).

Fig. 6.2 shows the Cu 3s spectrum of Mg0:8Cu0:2O. The 3s splitting is related

to the total spin of the 3d electrons in the ground state, as previously described

in detail (see Chapter 2). In addition to the exchange interaction between the 3s

hole and the 3d electrons, one also has to consider the charge{transfer process.

For the Cu2+ compounds, the 3s splitting is related only to the 3s1d9 con�gu-

ration, since there is no exchange splitting for a fully occupied d state (3s1d10L�1).

The theoretical spectrum shown in the same �gure (6.2) was obtained by using

the two{level model [55], in which the ground state wavefunction is considered

as a linear combination of 3s1d10L�1 and 3s1d9 �nal{state con�gurations. The

main line is mainly due to 3s1d10L�1 and there is no splitting, as expected for a

fully occupied d state. The satellite exhibits exchange splitting and corresponds

to the 3s1d9 con�guration.

If we compare the Cu 3s spectrum of Mg0:8Cu0:2O with the similar spectrum
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Figure 6.2: XPS Cu 3s spectrum (�) of Mg0:8Cu0:2O together with the theo-

retical spectrum ({); the intensity of the vertical lines is related to the relative

contributions of the 3s1d10L�1 and 3s1d9L �nal{state con�gurations.
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Figure 6.3: XPS Cu 3s spectrum (�) of CuO together with the theoretical spec-

trum ({); the intensity of the vertical lines is related to the relative contributions

of the 3s1d10L�1 and 3s1d9L �nal{state con�gurations.
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of CuO (see Fig. 6.3) one can observe that the energy di�erence between the main

line and satellite is larger in the last case, due to the di�erence in the charge{

transfer process. The same result was obtained by the two{level model [55],

where formal 9:2 and 9:3 occupancies for the Cu 3d ground state was found

for Mg0:8Cu0:2O and CuO, respectively. This point out towards the more ionic

character of the Cu{O bond in Mg1�xCuxO, as compared to CuO.

6.2 XPS valence band and XES spectra

The XPS valence band spectra of Mg1�xCuxO (x = 0:1; 0:15; 0:2) are presented

in Fig. 6.4. They exhibit similar three{peak structure (a, b, c) with the features

maxima located at 4, 7:5 and 11:5 eV binding energies bellow Fermi level. In

order to get information about the Cu, O and Mg partial contributions to the

valence band, we have compared the XPS spectra with the Cu L� and O K�

XES spectra. The 'subtracting' procedure was the following:
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Figure 6.4: XPS valence band spectra of Mg1�xCuxO (x = 0:1; 0:15; 0:2).

� In Fig. 6.5 the valence band spectra of Mg1�xCuxO (x = 0:1; 0:2) normalized

to the O 2s intensity are shown. The shaded spectrum was obtained as di�erence

between the spectra corresponding to x = 0:2 and x = 0:1. Since the spectra
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were normalized to the O 2s peak, the di�erence spectrum corresponds mainly

to the Cu 3d and Mg 3s; 3p; 3d states.
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Figure 6.5: XPS valence band spectra of Mg1�xCuxO (x = 0:1; 0:2) together

with the Cu L� XES spectrum of Mg0:8Cu0:2O; the 'di�erence' spectrum (shaded

area) was obtained as di�erence between the valence band spectra of x = 0:1 and

x = 0:2, normalized to the O 2s intensity.

Taking into account the very small cross{sections of Mg 3s; 3p; 3d as com-

pared to those of the Cu 3d states, one can neglect the Mg states contribution to

the di�erence spectrum. Therefore, we can consider that the di�erence spectrum

obtained by this 'substracting' procedure gives information about the Cu 3d con-

tribution to the valence band. This is supported by the fact that the maximum

of the Cu L� XES spectrum of Mg0:8Cu0:2O, which gives the Cu 3d contribution

to the VB, is located at the same binding energy as the maximum intensity of

the 'di�erence' spectrum.

� A similar procedure was followed to obtain the 'di�erence' spectrum from

Fig. 6.6, but in this case the spectra were normalized to the Cu 3p intensity.

Hence, one expects in this case information about the hybridization between the
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Figure 6.6: XPS valence band spectra of Mg1�xCuxO (x = 0:1; 0:2) together with

the O K� XES spectrum for x = 0:2; the 'di�erence' spectrum (shaded area) was

obtained as di�erence between the VB spectra of x = 0:1 and x = 0:2, normalized

to the Cu 3p intensity.

oxygen and magnesium states. The di�erence spectrum has double structure and

the two peaks are located at the same binding energies as in the O K� XES

spectrum (see Fig. 6.6). It is also similar to the valence band XPS spectrum of

MgO obtained by [91].

The O K� XES spectra for the investigated solid solutions, Mg1�xCuxO

(x = 0:1; 0:15; 0:2) are shown in Fig. 6.7. The highest peak is mainly due to

O 2p hybridized with Mg 3p states, whereas the second peak of lower intensity is

associated with the O 2p hybridized with Mg 3s states. In the inset of Fig. 6.7

the CuO O K� XES spectrum is compared with the di�erence spectrum obtained

by subtracting the O K� spectrum for x = 0:0 (MgO) from the O K� spectrum

for x = 0:15 (both normalized to the highest intensity). The di�erence spectrum

reects the partial contribution of the O 2p states to the Cu{O bond.

If we compare this spectrum with the O K� XES spectrum of CuO, one can
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Figure 6.7: XES O K� spectra of Mg1�xCuxO (x = 0:0; 0:1; 0:15; 0:2); in inset:

XES O K� spectrum of CuO and the 'di�erence' spectrum obtained as di�erence

between the spectra corresponding to x = 0:0 and x = 0:15.

observe that the two features of the CuO O K� XES spectrum correspond to

the same energies as the peaks of the di�erence spectrum. It seems that, for this

type of compounds, the crystal structure that is monoclinic for CuO and of NaCl

type for Mg1�xCuxO is not an important factor that determines the electronic

structure.

In this chapter, we presented an X{ray photoelectron and X{ray emission

spectroscopic study of copper{doped magnesium oxide, in order to get informa-

tion about the changes induced in the electronic structure of the parent compound

MgO by the Cu doping in the range of 10� 20 %.

The XPS Cu 2p and Cu 3s core levels were analyzed and from the exchange

splitting of the 3s states the character of the Cu 3d{O 2p bond in Mg1�xCuxO
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was discussed in relation to the reference compound CuO [55]. It was found that

the Cu 3d occupancy in Mg1�xCuxO is less than in CuO. The Cu 3d{O 2p bond

nature in the investigated solid solutions is more ionic than in CuO.

By comparing the XPS valence band with the Cu L� and O K� XES spectra,

the relative contributions of the Cu 3d and O 2p states were established. The type

of crystal structure appears to be not an important factor that determines the

formation of the Cu 3d and O 2p electronic distributions, since for Mg1�xCuxO,

the partial Cu 3d and O 2p states in the Cu{O bonding are similar with those

corresponding to CuO.



Chapter 7

Conclusions and outlook

The aim of the present study was to investigate the electronic structure of some

materials that have regained a huge interest in the last couple of years due to

their very interesting electronic and magnetic properties. At the end of this

spectroscopic investigation, the following conclusions can be drawn:

� Manganese perovskites

The role of the La{substitutions by Sr, Ba (Eu), Ca and Pb was discussed

and the inuence of the di�erent dopants on the electronic structure has been

determined. By comparing the XPS and XES data, the Mn 3d and O 2p states

have been localized in the valence band; for all investigated samples, a strong

hybridization of the Mn 3d and O 2p states was found, in good agreement with

band structure calculations.

New XPS results of the single crystals La1�xSrxMnO3 (x < 0:3) have been

presented. For the Sr{doped samples, x < 0:3, we have found no changes in the

Mn 3s splitting, which suggest that the doping holes have mainly O 2p character.

Very recently, a high interest has appeared in La{site and Mn{site doped com-

pounds. The XPS data of the single crystals La1�xBaxMn1�yCoyO3, reported for

the �rst time in the present study, suggest the divalent character of the Co ions,

in agreement with the magnetic results previously obtained for the same samples.

� Chromium chalcogenide spinels

A special attention was paid to the Fe1�xCuxCr2S4 (x = 0:0; 0:5) compounds,

not only because they were recently reported as exhibiting CMR e�ect close to
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room temperature, but also in order to investigate the long{standing controversy

related to the Cu valence in these systems, which should be clari�ed now by the

results reported for the �rst time in the present study. For this purpose, single

crystals were investigated since, as shown here, the results for polycrystalline

materials can lead to wrong spectra and, therefore, to a misinterpretation of the

experimental data.

From a careful analysis of the Cu 2p and Cu 3s spectra, we have concluded

that in Fe1�xCuxCr2S(Se)4 (x = 0:0; 0:5; 1:0) the Cu ions are in the Cu1+ state,

in agreement with the Lotgering model [106, 107].

Additional information about the electronic con�gurations of the constituent

ions was obtained from other XPS core level spectra (Cu 2p, S 2p, Fe 2p, Fe

3s, Cr 2p and Cr 3s). For FeCr2S4, the values of the Fe 3s and Cr 3s splittings

correspond to the 3d6 and 3d3 electronic con�gurations of the Fe and Cr ions,

respectively.

Furthermore, making use of the XPS and XES techniques, we have deter-

mined the partial contributions of the constituent ions in the valence band. The

experimental data were found to be in excellent agreement with ab-initio TB{

LMTO band structure calculations [95]. For FeCr2S4, the valence band consists

of Fe 3d, Cr 3d and S 3p states. The Cr 3d states were found to be less localized

than the Fe 3d states. On going from FeCr2S4 to Fe0:5Cu0:5Cr2S4, no signi�cant

changes in the Cr 3d and Fe 3d states distribution were observed. The Cu 3d

states were identi�ed just below the Cr 3d states.

The similar Cr 3s splitting for the investigated compounds, ACr2S(Se)4 (A=

Fe, Mn, Zn, Cd, Hg) suggests the same electronic con�guration of the Cr ions

(3d3), although they have di�erent electronic and magnetic properties.

The well resolved Cr 2p splitting in all investigated sul�des and selenides

could be an indication of the localized character of the Cr magnetic moments.

Its value corresponds to a 3d3 electronic con�guration of the Cr3+ ions. A local

magnetic moment of � 3�B was determined from the present XPS data, in very

good agreement with the previously reported magnetic data.

� Vanadium oxides

Our attention was mainly focused on the mixed{valence oxides, which have



113

been less investigated up to now. In order to use them as references, the widely

studied compounds: V2O3, V2O5 and VO2 were also investigated. New XPS

results for V6O13, V4O7 and V3O5 in both phases, metallic and insulating, were

reported. It was found that only small changes in the valence band spectra of the

above systems occur through the metal{insulating transition. These changes are

related to the V 3d bands, for which slight changes in the shape and width were

observed. No detectable changes were found for the O 2p bands. The electronic

structures for the mixed{valence oxides are characterized by signi�cant V 3d{O

2p hybridization, as concluded from the comparison between the XPS and XES

data.

The solid solutions V2�xMoxO5 were investigated by X{ray photoelectron and

X{ray emission spectroscopy. The core levels analysis revealed that the V4+

content increases in the V2�xMoxO5 series when x increases. The X{ray emission

measurements allowed us to localize the Mo 4d, V 3d and O 2p contributions in

the valence band. During Mo doping, the density of states just below the Fermi

level is enhanced. The V 3d and Mo 4d states were found to be responsible for the

density of states close to the Fermi level. Strong hybridization of the O 2p, V 3d

and Mo 4d states was experimentally observed and supported by band structure

calculations.

� Copper{doped magnesium oxides

The XPS Cu 2p and Cu 3s core levels of the solid solutions Mg1�xCuxO

(x = 0:1; 0:15; 0:2) were analysed. From the exchange splitting of the Cu 3s

states the character of the Cu 3d{O 2p bond in Mg1�xCuxO was determined and

discussed in relation to the reference compound, CuO [55]. It was found that

the Cu 3d occupancy in Mg1�xCuxO is less than in CuO. The Cu 3d{O 2p bond

nature in the investigated solid solutions is more ionic than in CuO.

By comparing the XPS valence band with the XES Cu L� and O K� spectra,

the relative contributions of the Cu 3d and O 2p states were established. The type

of the crystal structure appears to be not an important factor that determines the

formation of the Cu 3d and O 2p electronic distributions, since for Mg1�xCuxO

the partial Cu 3d and O 2p states in the Cu{O bonding are similar with those

corresponding to CuO.
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Outlook

Further investigation of the studied systems are required, as proposed below:

In the case of Mn{perovskites, several other La1�xBaxMn1�yTMyO3 single-

crystals are now available. New XPS measurements and additional XES spectra

are necessary in order to obtain a clear picture of their electronic structures.

Single{crystals of CuCr2S4 are in preparation at the University of Katowice.

Although we do not expect a di�erent shape in the Cu 3s spectrum of this system,

as compared to the investigated CuCr2Se4, it would be worthwhile to perform new

XPS measurements in order to further clarify the Cu valence. To elucidate the

Cu electronic con�guration for the intermediate doping regime, single crystals of

Fe1�xCuxCr2S4 (0:0 < x < 0:5 and 0:5 < x < 1:0) are in preparation.

Due to the very small sizes of the available vanadium oxides the present inves-

tigation has been limited. For the further study of the metal{insulator transition

large good{quality single crystals are required.
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