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Introduction

The problem of local moments confined to the transition metals (T) sites, i.e., localized
behaviour in some aspects of itinerant electrons, is one of the most important issues in the
physics of the magnetic alloys and intermetallic compounds. It was found experimentally that
under certain conditions the magnetic moment of a transition metal remains localized when
solute in another transition metal. The condition for the existence of the local moment at the T
site is A / U < 1, where A is the width of the d states (corresponds to the virtual bound states in
the Friedel’s model) and U is the Coulomb correlation energy between d electrons.

The 3d band width A = Z"2J;, depends on the number of near-neighbours Z with d orbitals
and the hopping integral Jou,, Which is very sensitive to the distance between the atoms. On the
other hand, the strength and the sign of the interaction between the neighbouring local moments
are determined by the occupation fraction of d-orbitals and the orientation of these orbitals in the
lattice. By alloying with other elements, the vicinity of the transition metal atom is changing.
This leads to structural modifications with remarkable variations in the electronic structure and
magnetic properties of the parent compound.

The understanding and prediction of the properties of mater at atomic level represents
one of the great achievements of the last years in science. In this content, the advantage of
photoelectron spectroscopy, in the study of electronic structure and properties of matter is due to
progress in both, experimental and in relevant theory. Photoemission techniques have been
developed sufficiently to become a major tool for the experimental studies of solids. These
techniques are also attractive for the study of changes in, or destruction of, crystalline order.

The fine details of the relationship between the electronic structure and the magnetic
properties of matter represent a state of the art challenge in the solid state physics. The link is
evident even from a didactic approach: electrons are the ’carriers’ of spin magnetic moments and
their movement around nucleus gives rise to orbital momentum i.e. orbital contribution to the
magnetic moments. From a more sophisticated point of view, the information on the electronic
structure turns up to be essential for the understanding of magnetic behavior.

The XPS spectra give information on the electrons binding energies, the valence band
and the density of states at the Fermi level, the hybridization between orbitals, the ions valence
states and the charge transfer between the elements. The energy position and the width of the
valence band, the comparison between the valence band and the calculated band structure, the
splitting of the 3s core level, the presence of the satellite structures to the valence band and 2p
core levels give information on the localization degree of the 3d electrons, the occupation of the
3d band, the spin and valence fluctuations effects, which are the basic elements in explaining the
magnetic properties of metallic systems based on 3d elements.

In the present study the ternary system Al-Mn-Ni was chosen because the following reasons:

e Manganese is particularly interesting because according to Hund’s rule the magnetic
moment of the free atom can have the maximum value of 5 pg. The antiferromagnetic
alloys formed by Mn with nickel, palladium, and platinum have high Néel temperatures,
which makes them very promising materials for practical applications, such as pinning
layers of GMR and TMR devices.

e Nickel metal is a ferromagnet having a magnetic moment of 0.6 pg/Ni. By alloying with

Al, the Ni 3d-Al 3sp hybridization leads to a partial (AINi3) or complete (AINi) filling of

Ni 3d band depending on Al concentration and distances between Al and Ni atoms.



e By varying the concentration of the elements the first vicinity of transition metal atoms
and the distance between them is different, which leads to important changes in the
crystallographic and electronic structure with remarkable effects on the magnetic
properties of Mn-Ni-Al alloys and compounds.

The aim of this thesis is to study the changes in the crystallographic, electronic and
magnetic structure of the Al-Mn-Ni ternary metallic system by modifying the concentration of
the constituent elements.

The thesis is organized in 6 Chapters, followed by the summary. Chapter 1 contains a
brief theoretical introduction into the magnetism of metallic systems, as well the principles of X-
ray photoelectron spectroscopy, which is the main technique used to investigate the electronic
structure of the intermetallic alloys and compounds. The sample preparation details and all the
experimental techniques employed in the characterization of the systems are described in
Chapter 2. The next 4 Chapters contain the experimental results for Mn; AlxNi3, Mn;_ AlNi,
Ni;xMnyAl, and Nip7xAlxMng3 systems. The structural, electronic and magnetic properties of
the alloys and compounds are investigated by X-ray diffraction, X-ray photoelectron
spectroscopy, band structure calculations, magnetization and magnetic susceptibility
measurements.

Chapter 1. Theoretical Considerations

1.1 General issues of magnetism

The origin of magnetism lies in the orbital and spin motions of electrons and how the
electrons interact with one another. The magnetic behavior can be classified into five major
groups: Diamagnetism, Paramagnetism, Ferromagnetism, Antiferromagnetism, and
Ferrimagnetism. The materials belonging to the first two groups do not exhibit collective
magnetic interactions and are not magnetically ordered, while the materials in the last three
groups exhibit long-range magnetic order below a certain critical temperature.

At the atomic scale, magnetism comes from the orbital and spin electronic motions. The
nucleus can also carry a small magnetic moment, but it is insignificantly small compared to that
of electrons. Quantum mechanics gives a fixed energy level to each electron which can be
defined by a unique set of quantum numbers: n, /, m;, and m,, according to the Pauli Exclusion
Principle. An electron in an atom goes into an eigenstate having quantitized orbital and spin-
angular momenta Al and %s, where h=2z# is the Planck constant. The magnetic moment of an
electron is also quantitized in units of wp=efi/2Zmc, the Bohr magneton, and is given by
m=up(l+2s). The magnetic moment of a free atom (or ion) is the sum of the moments of all
electrons. The total angular momentum and the total magnetic moment are given by J=L+S and
M=up(L+28)=gugl, respectively, where g, is the Lande factor. Except for some heavy atoms
the Russel-Saunders scheme is valid and the total angular momentum and total spin momentum
are L=21 and S=2X5s, respectively. When describing the atomic origin of magnetism, one has to
consider the orbital and spin motions of all electrons as well as the interactions between them.

1.2 Magnetic properties of metallic systems

In solids, a magnetic moment is exhibited only by an atom with a partially filled d or f
shell. Two series of elements play a fundamental role in magnetism: the 3d transition elements
and the 4f'rare earths. These two series are important because the unfilled shells are not the outer
shells and in solids the 3d (respectively 4f) shell can remain unfilled, leading to magnetism.
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Ferromagnetism of metallic systems based on transition metals has been a controversial
subject due to the apparent dual character of the d electrons, i.e., they are itinerant electrons
described by band theory in their ground state, while at finite temperatures they show various
properties that have long been attributed to a system consisting of local magnetic moments. The
most familiar example is the Curie-Weiss law of magnetic susceptibility obeyed by almost all
ferromagnets above their Curie temperatures.

The magnetic interaction between localized moments determines the behavior of a
compound when placed in a magnetic field and may favor magnetic ordering. The magnetic
coupling is usually described in terms of a model spin Hamiltonian, most often the Heisenberg
Hamiltonian:

H=-Y3,S5S,
L]

where i, j can be restricted to run over all nearest neighbor or next nearest neighbor pairs of
magnetic moments considering that the magnetic interaction is weak and decreases exponentially
with distance. Positive values of the constant J correspond to ferromagnetic coupling and
negative ones to antiferromagnetic coupling. A spin operator of this form was first deduced from
the Heitler-London results by Dirac [1] and first extensively applied in the theory of magnetism
by Van Vleck [2]. The universal use of the name Heisenberg Hamiltonian acknowledges his
original discussion of the quantum mechanical concept of electron exchange and the introduction
of the term exchange integral in his theoretical work on the helium atom [3]. When the magnetic
orbitals of two neighboring atoms are sufficiently extended to produce a direct overlap, there is
an effective interaction between the spins, called direct exchange. The origin of the exchange
interaction is in the different energies for the parallel and antiparallel spin states as a result of the
Pauli principle. This direct exchange, which occurs in 3d intermetallic compounds, is the largest
interatomic interaction. When magnetic orbitals of two neighboring atoms are too localized to
overlap, as in the case for the 4f series, the exchange process can occur through conduction
electrons if the system is metallic. This leads to the RKKY indirect exchange interaction. If there
are no conduction electrons, the external electrons of the latter participate in covalent binding
and mediate the exchange interaction. This is the superexchange interaction, introduced by
Kramers [4,5].

Opposite to the localized model is the itinerant (or band) model which considers that each
magnetic carrier is itinerant through the solid. In this case, the unpaired electrons responsible for
the magnetic moment are no longer localized and accommodated in energy levels belonging
exclusively to a given atom, but move in the potential of other electrons and ions, and the
corresponding atomic levels form energy bands. The ordered magnetic states, stabilized by
electron-electron interactions, are characterized by the difference of the number of electrons with
up and down spins. The simplest model of itinerant-electron magnetism is the Stoner model [6],
which has mainly been used to account for the existence of ferromagnetism in itinerant systems.
If the relative gain in exchange interaction (the interaction of electrons via Pauli's exclusionary
principle) is larger than the loss in kinetic energy, the spin up and spin down electron bands will
split spontaneously.

Both the localized model and itinerant model fail to fully describe the magnetic behavior
of magnetic transition metals. It is very clear that d electrons should be treated as localized
electrons in magnetic insulator compounds and as correlated itinerant electrons in transition
metals. Theoretical efforts since the 1950s have been concentrated on finding a way of
reconciling the two mutually opposite pictures into a unified one, taking into account the effect

3



of electron-electron correlation in the itinerant electron model. There have been two main
directions in this attempt: one was to improve the Stoner theory by considering the electron-
electron correlation, and the other was to start with the study of local moments in metals. The
picture of local moments in metals resolved the controversy over the two models. A local
moment designates a magnetic moment permanently pinned down in a given region in a metallic
system where the magnetic electrons, such as the d electrons, are not localized. Van Vleck [7]
discussed the justification of local moments, considering the importance of electron correlation
in narrow d bands. An explicit model describing the local moments in metals was proposed by
Anderson [8] on the basis of the Friedel picture of virtual bound states in dilute magnetic alloys
[9]. The Anderson concept of local moments in metals has been quite important in the
development of the theory of ferromagnetic and antiferromagnetic metals. In some cases a
metallic ferromagnet can be regarded as consisting of local moments associated with the virtual
bound states. Although in this case the local moment is not as well defined as in insulator
magnets, an approximate Heisenberg-type picture can be used even in metals. The interaction
between local moments in metals was studied by Alexander an Anderson [10] and by Moriya
[11] on the basis of the Anderson model. The sign of the interaction between the local
neighboring local moments is primarily determined by the occupation fraction of the localized d-
orbitals [12]:
o when each atomic d-shell is nearly half-filled the coupling between the local moments is
antiferromagnetic
o when the occupied or empty fraction of each atomic d-shell is small the coupling between
the local moments is ferromagnetic
These simple rules have been remarkably successful in qualitatively interpreting
magnetic properties of a number of magnetic metals, alloys and intermetallic compounds.

1.3 Photoelectron Spectroscopy

Since the original work of Siegbahn and his co-workers [13], photoemission
spectroscopy PES has become one of the most important methods for probing the electronic
structure of atoms, molecules and condensed matter [14,15]. In a PES experiment, photons from
a monochromatized light source are directed on a sample and the photoelectrons liberated by the
photoelectric effect are analyzed with respect to emission angle and kinetic energy by an
electrostatic analyzer. In photoemission experiments on solids, only electrons originating from a
thin surface layer of the sample are normally used in the analysis of the spectra, which makes
photoemission a surface sensitive technique. The reason is that only the electrons which leave
the sample without loosing energy are carrying information about the electronic structure
directly. The large number of electrons which undergo inelastic scattering processes form the
secondary electrons background in a photoemission spectrum.

The X-ray photoelectron spectroscopy (XPS) probes the kinetic energies of
photoelectrons emitted from inner levels of a solid or from the outermost occupied band, as a
result of the interaction of the solid with incoming X-ray radiation of energy #v > 1000 eV. In
practice, the most used incident X—rays in XPS are Al-K, (1486.6 ¢V) and Mg-K,, (1253.6 V),
for which the penetrating power of the photons in a solid is of the order 1-10 micrometers.

Photoelectron emission is a complex process and in consequence there are numerous
theoretical theories that try to model it. Modern theories attempt to account for photoemission
from a solid in terms of a single unified model, which considers the excitation from an initial
state into a damped final state near the surface. However, of great value, is also the traditional
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three-step model, where the excitation process of the photoelectron, its transport to the surface,
and its escape through the surface are considered independently, has been highly successful for
low excitation energies.

The experimental quantity measured in XPS is the kinetic energy of the emitted
photoelectrons, which allows the determination of the binding energy of each of the emitted
electrons. The data are presented as a graph of intensity (usually expressed as counts or counts/s)
versus electron energy. The binding energy of the electron is the parameter which identifies the
electron specifically, both in terms of its parent element and atomic energy level. Therefore the
photoelectron spectrum reproduces the electronic structure of an element quite accurately since
all electrons with a binding energy less than the photon energy will feature in the spectrum. The
first step which is taken generally in the sample characterization is the recording of a wide scan.
This is the so called survey spectrum, which allows to identify the chemical components in the
sample and to define acquisition windows for the lines which are of interest and will be recorded
subsequently with a higher resolution. The electrons which are excited and escape without
energy loss contribute to the characteristic peaks in the spectrum, while those which undergo
inelastic scattering and suffer energy loss contribute to the background of the spectrum. In a XPS
survey spectrum we can identify the valence band region at low binding energies (< 20 eV) and
the core levels region, as the electrons in an atom can be divided in two categories: core and
valence electrons. Core electrons are tightly bound to the nucleus and do not participate directly
in the chemical bonding between atoms. Valence electrons, on the other hand, are more loosely
bound (low binding energies) and are thus the main contributors in the formation of the chemical
bonds. Once a photoelectron has been emitted, the ionized atom must relax in some way. This
can be achieved by the emission of an X-ray photon, known as X-ray fluorescence. The other
possibility is the ejection of an Auger electron. Thus Auger electrons are produced as a
consequence of the XPS process.

Chapter 2. Preparation and Characterization techniques

Polycrystalline samples were prepared by arc melting technique in a cold copper crucible
under an argon atmosphere. High purity starting materials (>99.99%) were weighted in exact
stoichiometric proportions and melted together several times in the same atmosphere. The weight
loss of the final samples was found to be less than 1%. The homogeneity of the samples was
checked by conventional X-ray powder diffraction. The quality of the samples, in terms of
contamination, was also investigated by monitoring the O and C 1s core levels by means of X-
ray photoelectron spectroscopy.

The crystallographic structure of all the samples was checked at room temperature using
XRD data. The structure investigation of the compounds was performed by conventional X-ray
powder diffraction with Cu Ka radiation, using a Bruker AXS D8 Advance powder
diffractometer.

The macroscopically magnetic properties were investigated by static and dynamic
magnetic measurements in fields up to 10 T and temperature range of 4.2 — 900 K. At low
temperatures (below 300 K) a vibrating magnetometer and a SQUID magnetometer were used to
measure the spontaneous magnetization of the samples and to determine the Curie temperature
and the value of the spontaneous magnetization at 0 K by extrapolation. At high temperatures
(above the Curie temperature) the variation of the magnetic susceptibility with the temperature



was obtained using a Weiss balance in the 300 -900 K temperature range and magnetic fields up
tolT.

The electronic structure of the materials was investigated by means of X-ray
photoelectron spectroscopy. The XPS experiments were performed using a commercially
available spectrometer PHI Model 5600 Multi-Technique System produced by the Perkin Elmer
Corporation, located at the Osnabriick University. The pressure in the UHV chamber was in the
10"°mbar range during measurements.

Theoretical investigations of the electronic and magnetic properties of selected alloys and
compounds have been performed using the Munich SPR-KKR package version 3.6 [16]. The
electronic structure of the alloys and compounds in the ferromagnetic state were calculated self-
consistently by means of the spin polarized relativistic Korringa—Kohn—Rostocker (KKR)
method in the atomic sphere approximation (ASA) mode [17,18].

Chapter 3
Electronic structure and magnetic properties of Mn,,AlNiz alloys [19-21]

This chapter presents the effects of substitution of Al for Mn in MnNi;, investigated by
X-ray diffraction, magnetic measurements, X-ray photoelectron spectroscopy (XPS), and band
structure calculations. The compounds MnNi; and AINij are isostructural and crystallize in the
AuCus structure type. They form solid solutions in the whole range of concentrations.

Earlier studies have shown that the crystallographic disorder degree of MnNis, defined as
the ratio between the Ni sites occupied by the Mn atoms and total number of Mn atoms in the
lattice, depends on the preparation method and thermal treatment [22]. The magnetic properties
of MnNij; are strongly influenced by the disorder degree, e.g., the Curie temperatures of ordered
and disordered MnNi; have the values: 770 K and 132 K, respectively [23, 24] and the values of
the magnetizations are quite different. In the disordered MnNis compound, since the near-
neighbour Mn-Mn interactions are antiferromagnetic, a number of Mn magnetic moments do not
contribute to the magnetization. As the compound becomes ordered, the ferromagnetic Mn-Ni
interactions are dominant and an increase in the magnetization is observed. A fully ordered
MnNi; compound was obtained only after a thermal treatment of 32 days in the 673 K — 828 K
temperature range [25]. The magnetic properties of AINi; have been of considerable interest
since the compound was reported as a Stoner-Wohlfarth weak-itinerant ferromagnet, with T¢c =
41.5K [26]. The magnetic properties of Mn;  AlNi; alloys have been studied only for a limited
range of Al concentration, namely for x > 0.7 [27, 28]. The investigated samples were
crystallographically ordered after a thermal treatment at 1323 K for 2 days [28] and at 1123 K
for 24 h [27], respectively. It was shown that Al replaces Mn in the crystallographically ordered
Mn; xAlkNis alloys. There is no systematic investigation concerning the magnetic behaviour of
the MnNi; - AINij; solid solution system in correlation with XPS measurements.

3.1 Structural characterization

Six samples from the Mn; 4AlxNis system (x=0.0, 0.2, 0.4, 0.5, 0.6, 0.7) were prepared. In order
to study the influence of Al on the crystallographic order, no thermal treatment was made after
the cooling of the samples. The XRD measurements were performed on polished surfaces, due to
the hardness of the samples. The XRD patterns are shown in Fig. 3.1 together with the
theoretical spectra of MnNis and AINi; generated using PowderCell program.



All the investigated alloys are single phases l | x;=o Theoieﬁcalspectrum
with the same crystallographic structure type || g I
as the parent compound MnNi;. The lattice LA A A
parameters, estimated using the PowderCell J‘ ;JL x=0.2
program, decreases monotonically with Al

concentration from a = 3.5854 A for MnNi;
to a=3.5770 A for Mng3Aly-Nis. The lattice b x=0.5
parameter of MnNis is very close to that
reported in literature [29].
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3.2 XPS Spectra J_JL IR SR kA
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XPS valence band spectra of the l ; . :
Mn,; 4AliNi; alloys and pure Ni are shown in 20 40 60 80 100 120

. .. . 20
Flg.'3.2.'For Al K, radlz.ltlon, the Ni 3d cross Fig. 3.1 Xray diffraction pattern of Mny ALNi,
section is about four times larger than the

alloys and the theoretical spectra of MnNi; and AINi;
Mn 3d cross section [30]. Taking also into

account the ratio between the contents of Ni and Mn in the alloys, one can say that the valence-
bands of Mn; xAlxNi; alloys are dominated by the Ni 3d states, which are preponderant at the
Fermi level as in metallic Ni. The Mn 3d states are concentrated at the bottom of the valence
band in the region around 3 eV binding energy, as was found experimentally and proved by band
structure calculations in many alloys and intermetallic compounds based on Mn [31-33]. The
XPS valance band spectra of investigated samples present satellite structures at about 6.5 eV,
which decreases in intensity with the increase of Al content. The valence band centroids are
shifted towards higher binding energies and the density of states (DOS) at Fermi level decreases
as the Al concentration increases, suggesting a partial filling of the Ni 3d band due to
hybridization of the Al 3sp and Ni 3d states. In d-band metals and alloys the 3d states are shifted
gradually to higher binding energy with the increase in the d-state occupancy and consequently a
decrease in the density of states at the Fermi level occurs.
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Fig. 3.2. XPS valence band spectra of pure metallic Ni Fig .3.3. Ni 2p XPS spectra of Mn;_,Al.Nis alloys
and Mn,; ALNi; alloys. The dotted line and the bars and pure metallic Ni

indicate the Fermi level and the position of the valence
band centroids

The Ni 2p XPS spectra of pure metallic Ni and investigated alloys are shown in Fig. 3.3.
Like in the case of pure metallic Ni, the Ni 2p3,, core level spectra of Mn; 4 AlNisz alloys exhibit



satellite structures at about 6.5 eV higher binding energy than the main line. The observation of
satellites proves that the Ni 3d band is not completely filled. The relative intensity of the satellite
structure is proportional to the unoccupied Ni 3d states and decreases with the Al concentration.
This confirms the partial filling of the Ni 3d band due to the hybridization with the Al 3sp states.
Similar behavior was observed in other Ni alloys [34].

There is an overlapping between Mn2p XPS line and Ni L,M»3Mys Auger line (Fig. 3.4).
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Fig .3.4 Mn 2p XPS spectra of Mn,_.ALNi; alloys before Fig .3.5. Mn 2p;,, curve fitting results of Mny 3Aly ;Nis
the subtraction of the Ni Auger Line alloy

After the Ni Auger line subtraction and background removal, using a Shirley-type background
shape, we have also fitted the Mn 2ps/, core-level spectra for some of the investigated alloys with
four components and a satellite line situated at binding energy around 644.5 eV. The curve
fitting results for Mng3Aly7Ni; is given in Fig. 3.5, with the mean energy separation A=1.1 eV.
This is a clear evidence of the existence of local moments confined on Mn sites.

3.3 Magnetic measurements

The values of the spontaneous magnetization, for each temperature, were determined
from M(H) curves by extrapolation the linear dependence at H—0. The temperature dependence
of the spontaneous magnetization of Mn; xAlxNi; alloys is shown in Fig. 3.6.
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Fig. 3.6. Temperature dependence of spontaneous magnetization of Mn Al .Ni; alloys

The variation of magnetization with temperature suggests that the investigated alloys
have a ferromagnetic behavior, below the corresponding Curie temperatures. Nevertheless, the
values of the spontaneous magnetizations show that for high Mn concentrations appear Mn-Mn



antiferromagnetic pairs which lead to smaller values of the spontaneous magnetization per unit
formula.

Fig. 3.7 shows the temperature dependence of the reciprocal susceptibility of Mn; xAlxNi;
alloys in the paramagnetic state. In the high temperature range the magnetic susceptibilities of all
investigated samples obey the Curie-Weiss law, x = C / (T-0). The magnetic susceptibility of
ferrimagnetic materials follows a Néel-type hyperbolic law. However, the high temperature
asymptote to the hyperbola is of Curie-Weiss form.

The transition Curie temperatures (determined from the Arrot plots), the paramagnetic Curie
temperatures and magnetic moments both in the ordered and paramagnetic state are given in
Table 3.1.
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Fig. 3. 7. Reciprocal susceptibility versus temperature of Mn; ,Al.Nis; alloys

Table 3.1. Curie temperatures T, , paramagnetic Curie temperatures 6, magnetic moments in the ordered magnetic
state ( u, ) and paramagnetic state (uqr) of Mn; ALNis alloys
Compound  Tc (K) s (us/fu.) 6 (K) et (Ms/f.U.)

Mno‘gAlo,zNh

Mn 6Alj 4Ni3

Mn0.5A10_5Ni3
Mno.4A1046Ni
Mn0‘3A10,7Ni3

In Fig. 3.8, the values of the Curie temperature Tc and paramagnetic Curie temperature 0
obtained in the present work are plotted together with the values of T¢ from earlier magnetic
measurements, versus Al content for Mn;_AlxNi3 alloys. There is a good agreement between our
results concerning the Curie temperatures Tc for x > 0.5 and those reported earlier on
crystallographically ordered samples. On the other hand, the Curie temperatures for x < 0.5 are
smaller than the expected values for ordered alloys (the upper broken line in Fig. 3.8). These
results suggest an increase in the crystallographic ordering of Mn;AlNis alloys as the Al
content increases. The monotonic decrease of T¢ with Al concentration in the ordered state may
be explained by the reduction of the number of ferromagnetic Mn - Ni pairs. On the contrary, in
the disordered state Tc increases with Al content due to the decrease in the number of
antiferromagnetic Mn - Mn pairs. The paramagnetic Curie temperatures 0 for ordered alloys are
higher than the transition Curie temperatures Tc, as is expected for a ferromagnetic material,

while in the disordered state,0 < T, characteristic for a ferrimagnetic behaviour.



The correlation of XPS data and s0]  Ordered © [23]
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and disordered crystallographically state, have Fig. 3.8. Curie temperatur e’; Teand paramagnetic
the values of 3.2 pg and 0.3 pg, respectively Curie temperatures 6 of Mn, ,ALNi; alloys as a
[25,36]. The band structure calculations on function of Al content. The broken lines are guides
ferromagnetic  NigsMngs Al alloys have Jfor the eyes.

shown that the hybridization between the Mn 3d and Al 3sp states is very low and the Mn
magnetic moment is not affected by the presence of Al atoms in the lattice [37]. One can assume
that the Mn magnetic moment in Mn; Al Ni; alloys has approximately the same value of 3.2 pp
as in the parent compound MnNi;. On the other hand, the Ni magnetic moment in Ni-Al alloys
decreases linearly with the Al content in the range of solid solubility [38]. With this assumption,
when the Al concentration in  Mn; 4AlxNis increases, the magnetic moment of Ni atom in the
ordered magnetic state would linearly decrease from 0.3 pp/Ni in MnNij; to 0.075 ps/Ni in AlNi;.
This is also confirmed by our XPS measurements. The disorder degree D in Mn;_4AlNi; alloys
can be calculated in this way from the values of the magnetic moments in the ordered magnetic
states . In the paramagnetic state, one can estimate the effective magnetic moment of Ni atoms
from the Curie constant, C¢ , = Cyn + Cyi. In Table 3.2 are given the estimated values of the
disorder degree and the magnetic moments per Ni atom both in the ordered (usNi) and
paramagnetic state (ueffNi).

i

Table 3.2. Disorder degrees D (%) and magnetic moments of Ni atoms in the ordered state (u;")
and paramagnetic state (,u@//M) of Mn,.AlLNi; alloys

I Alo,zMnolgNi3 AI0.4Mn0.6Ni3 AI0,5Mn0.5Ni3 Alo,f,Mn()ANig AlojMﬂo,gNi
D (%)

us (up)

Hett (Mg
The inequality p. > ps between the numbers of spins per Ni atom in the paramagnetic state p. and
ordered magnetic state ps is valid for all investigated alloys and the ratio p. / ps decreases with
the Al content. We may explain the contribution of Ni atoms to the measured susceptibility in
Mn, xAlkNis alloys in terms of the self-consistent renormalization theory of spin fluctuations
[35]. This theory has revealed that only a small-q part of the wave-number-dependent
susceptibility y4 contributes to the temperature dependence of y in nearly ferromagnetic metals
(exchange-enhanced Pauli paramagnets). The average amplitude of the local spin fluctuations on

Ni sites <S; >=3k,T z X, increases with temperature until it reaches an upper limit
q

determined by the charge neutrality condition. The temperature dependence of y at low
temperatures is the result of the increase of local moments with increasing temperature. The
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amplitude < S; > of thermally excited longitudinal spin fluctuations saturates at certain

temperature T* above which the susceptibility is governed by local moment type fluctuations
and therefore a Curie-Weiss behaviour is observed. The partial filling of the Ni 3d band with the
increase of Al concentration leads to a decrease of the spin fluctuations amplitude and
consequently a reduction of the ratio p. / ps is observed.

3.4 Electronic structure calculations

In the following pages are presented the Band structure calculations of Mn; 4 AlNi3
alloys (0<x < 0.8) in order to evidence the effects of the Mn substitution by Al on the local Mn
and Ni magnetic moments and to compare these values with the experimental ones. The disorder
degree influence on the magnetic moments of the Mn; yAlxNi; alloys is also investigated. The
XPS valence band spectra and the density of states were calculated and compared to the
experimental results.

Band structure calculations in ferromagnetic spin configuration (with all Mn and Ni
magnetic moments parallel) have been performed for Mn; <AlxNi3 alloys in order to determine
the dependence of the magnetic moments on the disorder degree and the Al content. The
variation of Mn and Ni magnetic moments with the Al content is presented in Fig. 3.9.

The magnetic moments of Mn and Ni on their proper sites (1a and 3c, respectively) are
different affected by the Mn substitution with Al and by the disorder degree in the system,
respectively. We expect that the decrease of the magnetic moments of Ni 3¢ with Al content is a

~Tr oA

—~ 3
0 —
o0
2 2
§ = 0.64
IS é A—A i 3c ordered
o 5 A\ Ni 3c 15% disorder
£~ c I Ni 1a15% disorder
o A\ 77 Ni 1a45% disorder
T % 04 A4 Ni 3c 45% disorder
5 c
© [o))
IS ©
1S
c 2
g_ A—A Vn laordered £ 02
A~/ Mn 1a 15% disorder 7
[ CHI Mn 3c 15% disorder —
s & /—/5 M 1a45% disorder =z
-7 Mn 3c 45% disorder

L | L | L | L L
2 04 06 08 % 02
X (%) Al

0.6 0.8

04
X (%) Al
Fig.3.9. Calculated magnetic spin moments of Mn and Ni atoms in Mn,; AlNi; alloys, using different disorder

degrees.

The Mn magnetic moments are smaller when Mn atoms are on antisites due to the
decrease of Mn-Mn distance (dmnia-mn3c=2.53 A), which leads to the increase of the
delocalization degree of the Mn 3d electrons. The 3d band width A =~ Z"?J; depends on the
number of near-neighbours Z with d orbitals and the hopping integral J,, which is very sensitive
to the distance between the atoms. In case of Mn (3¢c) atoms the number of near-neighbours
having d orbital decreases when Al concentration increases. This means that the 3d band
becomes narrower, 3d electrons are more localized, and all these leads to an increase of Mn
magnetic moment.

Also, the Ni magnetic moment on antisite is much higher than the Ni sitting on the proper
site but is less influenced by the Al content. This could be assign to the fact that Ni 1a atoms do
not have Al atoms in their first vicinity. In the case of MnggAly,Ni3 alloy, with high D values,
there is a significant influence of the disorder degree on the Ni 1a magnetic moment (Fig.3.9).
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The orbital magnetic moment is not completely quenched by the crystal field, but his
contribution to the total magnetic moment is very small.

The Mn and Ni magnetic moments in the Mn; AlxNij; alloys, using the disorder degree D
determined by experiment, were calculated. The calculated total magnetic moment per unit cell,
using the experimental determined disorder degrees is in reasonable agreement with the
magnetic moment per unit cell determined from magnetization measurements, only for x > 0.5.
The change of the disorder degree in the theoretical calculations doesn’t improve this agreement.
The measured values of the magnetic moments per unit cell for x<0.4 are much smaller than
those predicted by the ferromagnetic spin configuration, confirming the existence of Mn-Mn
pairs antiferromagnetically coupled, in good agreement with experimental results.

The XPS valence band spectra were also calculated in order to allow a direct comparison
of the computed and experimental XPS valence band spectra (Fig. 3.10). The XPS valence band
spectra for all Mn;4AlxNis alloys and compounds are dominated by the Ni 3d states. The Mn
contribution to the XPS spectra has a maximum at about 4 eV binding energy, which is visible in
some of the spectra by a shoulder in the total intensity. The satellite structures at about 6.5 eV
are caused by the enhanced electron correlation in the Ni 3d band, providing an evidence for the
unoccupied states in the Ni 3d band. The correlation effects have not been implemented in the
theoretical framework and this feature is absent in the theoretical spectra. The calculated XPS
valence band spectra describe the main characteristics of the experimental ones. The contribution

of the M+ 2~ awd N 14 v tha aolanlatad VDQ calanan hond cnnntea fae oSN L o annlicil]e
becausc
T T T T T T
1= — tota % I — total 3
—— Mnla o3 —=— Mnla 8 o
-=-- Nila e 1 - Al la &
----- Al la o © --- Nila 8§ o
o 0.8 Ni 3c > @ 8
'E Mn 3c °© o E 3
S o &p d S
S o6 x=0.2 o
) )
> >
= =
B ‘h -
@ @
= =
[ o
T T T
i 1 — total * 7
—— Mnla & o
..... s' o
08 -=+= Ni3c 8
- e oy ) _
- g
= 0 °
E Z B
S . 5 06 x=0.7 .
8 8
)
>
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& 1 E
£
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0 et TSIV Moo &
-15 -10 -5 0
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Fig.3.10. Calculated (lines) and experimental (circles) XPS valence band spectra of Mn ;AL .Nis alloys for x = 0.2,
0.4, 0.6 and 0.7.

12



The total DOS calculations for ¢
investigated alloys are presented in Fig. 3.11.
On can see that there are no changes on the <&
DOS at Fermi level in the spin-up band but
there is a significant decrease of DOS in the 0
spin-down band when Al concentration
increases, suggesting a partial filling of the Ni
3d band due to the hybridization between Ni = 4 ==
3d and Al 3sp states.

Total DOS

12 40 8 6 4 2 0 2 4
Energy (eV)

Fig.3.11. Total spin resolved DOS of Mn, ,Al.Ni;
alloys

Chapter 4
Electronic structure and magnetic properties of Mny, AlNi alloys [39]

MnNi has one of the highest Néel temperature (Tx =1073K), a magnetic moment of 4
ps/Mn [40] and is used in the spin electronic devices as a pinning layer in the spin-valve
structures [41]. AINi is a Pauli paramagnet with the Ni 3d band completely filled at room
temperature [42]. The magnetic properties of Mn;<AlNi alloys have been studied only for a
limited range of Al concentration, namely for x=0.4 [43, 44] and 0.5 [45]. For
MnAINi,=Mn 5AlsNi Heusler alloy was pointed out the coexistence of antiferromagnetism and
ferromagnetism [45]. The MngAlp4Ni alloy, thermal treated for three days at 1273 K, exhibits
the B2-10M martensitic transformation [44]. It was also shown that in the furnace-cooled
specimen of the MngeAlp4Ni alloy, the L2; structure appears and the B2-10M martensitic
transformation is suppressed.

The aim of this chapter is to extend the magnetic measurements to whole range of
concentrations and to correlate the magnetic data with XPS spectra.

4.1 Structural characterization

Nine samples from the Mn; Al Ni
system (x= 0, 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, [=° L_A, " ™
0.9, 1) were prepared. XRD measurements ~ ¥=%7 A .
revealed a change in the crystallographic  |x=0.2 L
structure around x = 0.4 from CuAul to |,-g4 A :
CsCl (B2) structure type. In Fig. 4.1 are o }k
shown the XRD patterns for all ey A
investigated samples. Mng ¢Alo4Ni appears i Jt -, A
as a mixture of these two structures. s = JL g &

The B2 phase has the same |x=0.9 Jt
structure with the L2; phase of Heusler |, _, ” ﬂ - -
alloys, having the unit cell equals with the I & i - i : ulh

20 40 60 80

8-th part from the last one. In the B2 phase 26
of Mn;_ALNi a]]oys, the Mn and Al atoms Fig. 4.1. X-ray diffraction pattern of Mn;_.AL.Ni alloys.
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are randomly arranged, thus the near-neighbor Mn-Mn distance is about 0.29 nm. In the L2,
structure, where the Mn atoms are separated by Al atoms, the shortest Mn-Mn distance is 0.41
nm.

4.2 XPS Spectra

The Mn 3s spectra for MnNi, Mng oAl ;Ni and MnggAlg>Ni are shown in Fig. 4.2. The
shoulder around 79 eV corresponds to the Ni 3p satellite situated at about 12 eV higher binding
energy from the main line [46].

Intensity (arb. units)
Intensity (arb. units)

100 a5 90 85 80 75 a5 90 85 80 75
Binding energy (eV)

Fig. 4.2. Mn 3s XPS spectra of Mn;_.ALNi alloys

Binding energy (eV)

Fig. 4.3. Mn 3s curve fitting results of
MnNi compound

Fig. 4.3 presents the curve fitting results of MnNi compound, after background and Ni 3p
satellite subtraction. Similar results were obtained for the other two alloys MngoAlp Ni and
Mny sAlp,Ni. All spectra exhibit a well-defined magnetic exchange splitting of about 5 eV. This
splitting corresponds to a spin S=2 and a magnetic moment of 4pup/Mn, suggesting that Mn 3d
band is not affected by the hybridization with Al sp states. This splitting is a direct evidence for
the existence of local magnetic moment confined on Mn sites.

There is an overlapping between Mn2p XPS line and Ni L,Mj3Mys Auger line (Fig. 4.4).
In order to see the multiplet splitting of Mn 3p;3,, line the Auger line was subtracted (Fig. 4.5).

? ?
S S
§ g
u 8
(7]
g g
£ £ x=0
Ni Auger line
1 | " 1 i 1 " 1 1 i
660 650 640 630 655 650 645 640 635
Binding energy (eV) Binding energy (eV)

Fig. 4.4. Mn 2p XPS spectra of Mn; Al:Ni alloys Fig. 4.5. Mn 2p XPS spectra of Mn,,Al.Ni alloys after the
and Ni Auger line subtraction of the Ni Auger Line
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The first vicinity of Mn atoms in the Mn; AlNi alloys does not change by alloying, what
explains the lack of the chemical shift in the Mn 2p spectra.

We have also fitted the Mn 2p3/, core-level spectra for some of the investigated alloys
like in the previous chapter. The mean energy separation was A=1.1 eV. This gives further
evidence of the existence of local moments confined on Mn sites.

The Ni 2p core-level spectra of Mn; xAlNi alloys are shown in Fig. 4.6. The Ni 2p3.,
core level spectra for x<0.8 exhibit satellite structures situated at about 6.5 eV higher binding
energy than the main line. The observation of satellites implies the presence of d character in the
unoccupied bands. The satellite structure intensity decreases as the Al content increases,
indicating a gradual filling of the Ni 3d band due to a strong hybridization with Al 3sp states.
. Ni2p,, 1

Ni 2p

12

Intensity (arb. units)
Intensity (arb. units)

890 880 870 860 850

5
Binding energy (eV) Binding energy (eV)
Fig .4.6. Ni 2p XPS spectra of Mn,;_.ALNi alloys Fig .4.7. XPS valence band spectra of Mn,_,ALNi alloys

The complete filling of the Ni 3d band, at room temperature, for AINi Pauli paramagnet
is confirmed by the absence of the satellite structures. This behavior was also observed in other
Ni alloys [47]. The presence of the satellite structures suggests that Ni atoms could carry a small
magnetic moment, but previous studies have shown that in MnNi the Ni atoms have no magnetic
moments [48]. This means that even in the presence of some unoccupied states in the Ni 3d band
the Anderson condition for the existence of the local moment at the Ni site in the ordered
magnetic state is not fulfilled. As the Al concentration increases, the Ni 2p core-level lines are
shifted to higher binding energy. These small chemical shifts are due to the change in the filling
degree of the Ni 3d band, which leads to an increase in the electronic density around the Ni 2p
shell.

The XPS valence band spectra of Mn; 4 AlNi alloys are shown in Fig. 4.7. The valence
band of Pauli paramagnet AINi results as a superposition of the Ni 3d band, centered at about 2
eV, and the Al sp states in the Fermi level region. The XPS valance band spectra of investigated
samples present a small satellite structures at about 6.5 eV, which decreases in intensity with the
increase of Al content. The 3d bands are shifted towards higher binding energies as the Al
concentration increases, suggesting a gradual filling of the Ni 3d band.

4.3 Magnetic measurements

Since the Ni atoms do not carry any magnetic moment [45, 48], the interaction Mn-Mn is
responsible for the magnetic properties of all investigated alloys.The alloys Mn; Al Ni for x<0.4
are antiferromagnets with very high Néel temperatures, namely 1073 K for MnNi [40], 1026 K
for Mng oAl 1Ni and 820 K for Mng gAly,Ni. For illustration, in Fig. 4.8 is shown the temperature
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dependence of the measured magnetic susceptibility for MngoAlpNi alloy. The distance
between the nearest-neighbor Mn atoms in these alloys, determined from XRD measurements, is
about 2.64 A. It is well known that the Mn-Mn interaction is antiferromagnetic when the distance

is smaller than 3 A [49].

The magnetic field dependence of
magnetization at different temperatures for
x>0.5 shows a small curvature (Fig. 4.9),
suggesting the presence of a ferromagnetic
phase L2, in which the interaction between
the Mn atoms is due to the RKKY coupling
[50]. On the other hand, the magnetization
does not saturate even at B=10 T, what
implies the existence in the alloys of the
antifferomagnetic B2 phase.

The alloys Mn;xAlNi for 0.4< x < 1 have
complex mictomagnetic behavior, with a
of antiferromagnetic
ferromagnetic interactions. The coexistence

mixture and

of antiferromagnetism and ferromagnetism in
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Fig.4.8. Susceptibility versus temperature of Mny Al Ni
alloy. In the inset is shown the thermal variation of the
susceptibility for MnNi [40].

800 1000 1200

Mny sAlysNi alloy was also confirmed in the literature by the susceptibility measurements in
field cooled (FC) and zero field cooled (ZFC) [45].

or Mnﬂ.‘A,D.SNf
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Fig.4.9. Magnetic field dependence of magnetization, at different temperatures, of Mn 4Aly sNi,

Mny,Aly sNi and Mny A1y oNi alloys.

The hysteresis loops (see the insets) are shifted to lower negative fields, the effect being
more pronounced for x=0.6. The shift in the magnetization of a ferromagnetic component is due
to the exchange interaction between the antiferromagnet and ferromagnet at their interface. The
ferromagnetic component, which is strongly coupled with the antiferromagnetic one, has its
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interfacial spins pinned. At lower Mn concentrations, i. e. x = 0.8 and x = 0.9, the amount of
antiferromagnetic component decreases (the probability to have Mn-Mn pairs becomes smaller),
what explains the almost symmetrical form of the hysteresis loop in this concentration range.
The coercive field at T = 5 K increases as Mn concentration decreases, from 0.05 T for x = 0.6 to
0.11 T for x = 0.9. The small values of the coercive field can be explained in the random
anisotropy model [51]. The increase of the coercive field as temperature decreases indicates
enhancement of the local magnetic anisotropy.

The coexistence of antiferromagnetism and ferromagnetism in Mn;xAlxNi alloys for 0.6
<x < 1 is also revealed by the magnetic measurements in lower magnetic fields. In fig. 4.10 is
shown the temperature dependence of FC and ZFC susceptibilities in an applied field of 0.1T.
The distinguishing experimental feature of mictomagnetism is that the magnetization drops
abruptly at the freezing temperature Tr when the material is cooled in the absence of magnetic
field, resulting in a splitting of the FC and 07
ZFC susceptibilities at a certain 18
temperature. The values of this 6]
temperature and also the freezing 14|
temperature are related to the dilution
effect, like in other mictomagnetic
systems [52]. The exchange interactions
of Mn-Mn type are partially broken when
Mn is substituted by Al. The increase of
the ZFC susceptibility for x = 0.6 at low
temperatures was also observed for x=0.5
[45] and may be due to the conical S a0 o e S0 e #d
antiferromagnetic structure of B2 phase, T(K)

12

10

7(10° emu g'0e”)

which has a ferromagnetic component.  Fig. 4.10. The temperature dependence of the FC and ZFC
This conical antiferromagnetic structure  magnetic susceptibility of Mn, ALNi alloys.
was observed in the B2 phase of MnAINi, = Mn sAlysNi compound [53].

In order to determine the ferromagnetic (FM) and antiferromagnetic contributions to the
measured magnetization and to estimate the corresponding Curie and Néel temperatures T¢ and

—m— x=0.6
B —o— x=0.8
— —A—x=0.9
2 2
'.'m 6
3 =
s 3
£ Z4
R =
2
x=0.9 \‘\\\
i . . . ; g \ : . . \
1] 200 400 600 800 o 50 100 150 200 250 300
T (K) T(K)
Fig. 4.11. The temperature dependence of the Fig. 4.12. The temperature dependence of the
magnetic susceptibility yury of Mn; ALNi alloys. magnetization Mgy, for Mn, .ALNi alloys.

The arrows indicate the Néel temperatures.

respectively Ty, we have used the Honda-Arrot plot for each temperature.
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In Figs. 4.11 and 4.12 are shown the temperature dependence of the as determined

susceptibility ¥arm and magnetization Mgy, respectively. The curves Y arm(T) present a
downward at certain temperatures, referred as the Néel temperatures. At about the same
temperatures T=Ty, the curves Mpy(T) show a small anomaly in the magnetization of the
ferromagnetic component, due to the pinning effect. The Curie temperatures T¢ have been
determined in the molecular field approximation from the Mpy*(T) dependence. The as
determined transition temperatures are given in Table 4.1.

The thermal variation of the reciprocal magnetic susceptibility for the investigated alloys
in the high temperature range is shown in Fig. 4.13. The experimental data fit a Curie-Weiss law

with a small additional temperature- 1500

independent term .

The values of the effective magnetic wer

. . 1400 |-
moments g and of the paramagnetic Curie

temperatures O are given in Table 4.1. The 1200 1
Ni 3d band for x>0.5 is almost filed. This
assumption is confirmed by the very small
intensity of the Ni 2p and valence band
satellite. The contribution of the Ni atoms to
the total effective magnetic moment is

negligible, so the measured effective
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magnetic moment may be attributed only to 0 100 200 300 400 500 600 700 800
the Mn atoms. The effective magnetic T

moments per Mn atom have approximately Fig.4.13. Reciprocal susceptibility versus temperature of
the same value, corresponding to a spin S=2, Mn ,ALNi alloys.

like in the parent compound MnNi, showing that the Mn 3d band is not affected by alloying,
suggesting that the hybridization between the Mn 3d states and the Al 3sp states is very small.

The paramagnetic Curie temperatures 6 are much lower than the Curie temperatures Tc. This is
due to the contribution of antiferromagnetic part in the measured magnetic susceptibility, which
has a negative O value, and consequently an averaged paramagnetic Curie temperature is
observed. The relative proportion of the ferromagnetic and antiferromagnetic parts in the
samples is also reflected in the difference between the Curie temperatures T¢ and paramagnetic
Curie temperatures 6 as a function of the Al content. This difference decreases with Al
concentration, confirming the decrease of the antiferromagnetic component at lower Mn
concentrations.

Table. 4.1. Transition temperatures and effective magnetic moments of Mn;_.ALNi alloys

. 313 375%

. 181 284 108 3.07 4.85
. 121 50 2.21 4.94
. 59 -3 1.55 4.90

*data taken from [45]
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Chapter 5
Electronic structure and magnetic properties of Ni,,Mn,Al alloys [54-56]

In the previous two chapters it was studied the influence of the substitution of Mn by Al
in the ternary system Al-Mn-Ni, on the electronic, crystallographic and magnetic structure,
keeping the Ni atomic concentration constant. In the present chapter the Al atomic concentration
will remain the same and we will focus on the effect of the substitution of Ni by Mn.

There are no reports about bulk AIMn in a stable phase, but only on AlygsMn; 1y [57]. In
the other side of the concentration range is AINi, a Pauli paramagnet. Magnetic properties of the
Ni;xMnyAl alloys were reported in literature [58], but there are no explanation regarding the
relative small values of the measured magnetic moments per atom, their variation with Ni atoms
concentration and if Ni brings or not a contribution in the measured magnetic moments.

The aim of this chapter is to explain the magnetic properties of the investigated alloys by
correlating the magnetic measurements, in the ordered and paramagnetic state, with XRD and
XPS results.

5.1 Structural characterization

Seven samples from the Ni;(MnAl

system (x=0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8) were |‘| x=0.8
prepared. XRD measurements were performed :

on polished surfaces due to the hardness of the & o
samples. The broad character of the peaks 5 ﬂ x=0.5
indicates the presence of the strains in the g A S iy "y
samples. X-ray diffraction pattern of Nij. g L &= x_ '
«MnAl alloys are shown in Fig. 5.1. E ﬂ x=0.3
All the investigated alloys are single phases = - o

with the same CsCl (B2) structure type. The J x=0.2
lattice parameter, estimated using the Powder S
Cell program, increases monotonically with ‘ l , [ : .

Mn concentration from a=2.875 A for NiAl to 2 40 g 80
a=2.966 A for NigoMngsAl. Fig. 5.1. X-ray diffraction pattern of Ni;..Mn,Al alloys.

5.2 XPS Spectra

The XPS valence band spectra of investigated alloys are shown in Fig. 5.2. The
maximum of the Ni 3d band is shifted to a BE of 1.8 ¢V comparing to the value of 0.6 ¢V in pure
metallic Ni [46]. There is also an appreciable hybridization between the Mn 3d and Al 3sp states
which leads, according Mn 3s XPS spectra and magnetic measurements, to a partial filling of the
Mn 3d band.

The Ni 2p spectra for all investigated alloys are situated at the same BE, but are shifted to
higher BE relative to pure metallic Ni. This also confirms the partial filling of Ni 3d band. The
first vicinity of Ni atoms in the Ni;{Mn,Al alloys does not change by alloying, what explains the
lack of the chemical shift in the Ni 2p spectra. The intensity of the Ni 2p satellites in Ni;x\MnyAl
alloys is drastically reduced (see Fig. 5.3) confirming the partial filling of the Ni 3d band of the
investigated alloys, except for x=0 where the satellite structure disappears. This confirms the
previous magnetic measurements that have shown that NiAl is a Pauli paramagnet with Ni 3d
band completely filled, at room temperature, due to the hybridization with Al 3sp states.
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Intensity (arb. units)

Binding energy (eV)

Fig.5.2. XPS valence band spectra of Ni;..Mn.Al alloys

The Mn 3s core level spectra show an
exchange splitting around 4 eV arising from
the exchange interactions between the core
hole and the open 3d shell. The exchange
splitting in MnNi is about 5.2 eV and the Mn
magnetic moment is about 4 pup/Mn [40]. The
exchange splitting is proportional with the Mn
local moment [46]. Fig. 5.4 presents the curve
fitting results of MngysNig,Al alloy, after
background subtraction, and the similar
spectrum of MnNi compound.

5.3 Magnetic measurements
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Fig .5.3. Ni 2p XPS spectra of Ni;..Mn,Al alloys and

pure metallic Ni

Mn, Ni, Al

Intensity (arb. units)

Binding energy (eV)
Fig. 5.4. Mn 3s curve fitting results of
Mny gNiy Al alloy and MnNi compound

The temperature dependence of the spontaneous magnetization of Ni; \MnyAl alloys is

shown in Fig. 5.5.
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The values and variations of magnetization with magnetic field (Fig. 5.6) and
temperature suggest that all the investigated alloys have a ferromagnetic behavior, below the
corresponding Curie temperatures. The Curie temperatures Tc have been determined in the
molecular field approximation from the Mgy *(T) dependence. The values are given in Table 5.1.

The thermal variation of the reciprocal magnetic susceptibility for the investigated alloys
in the high temperature range is shown in Fig. 5.7. The experimental data fit a Curie-Weiss law

with a small additional temperature- 1800
. ) m x=0.2
independent term o The values of the 1600 |- 8 & x=0.3
effective magnetic moments peg and of g . a4
1400 |- & v x=0.5
the paramagnetic Curie temperatures 6 ° x=0.6
. . 1200 |-~ 4 x=0.8
are given in Table 5.1. As one can see
from Fig. 5.7, the contribution of yo is g Er
=
more pronounced in the measured § 800F
. o 8
magnetic susceptibility for smaller Mn = 600 |
. -
concentrations. 400
meas
The ratio § = ~— between the oy o o
2} 0 i e i By FAET NI VI R AR M- R O
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between the Pauli susceptibilities of d T 00

electrons measured and calculated in the Fig.5.7. Reciprocal susceptibility versus temperature of Ni;.
free electron aPPTOXimation is the Mn, Al alloys. In the inset is given the temperature dependence
Stoner enhancement factor which for of magnetic susceptibility of NiAl [59]

NiAl has the value ¢ =1.8. This value shows that NiAl is exchange-enhanced Pauli paramagnet,
suggesting that also the Ni; \MnyAl alloys could be exchange-enhanced Pauli paramagnets,
which are correctly treaded in the self-consistent renormalization (SCR) theory of spin
fluctuations [35].

Table 5.1. The magnetic moments in the ordered (1) and paramagnetic state (i), the Curie (T¢) and
paramagnetic Curie (6) temperatures and the lattice constants (a) of the Ni; .Mn.Al alloys.

Husfn)  poyusfu)  TcK) 0 (K)

367  385.7
379.8 395

381.5 398.8
385  405.5
401  422.7

420.8 445.9

Tc and 0 increase monotonically with Mn concentration in good agreement with the
theory of ferromagnetic materials, T¢ being proportional with the number Z of neighboring
magnetic atoms [60]. Comparing the intensity of the Ni 2p and valence band satellites in this
system with the similar ones in the previous system Mn;.<AliNi, one may conclude that also in
Ni;xMnAl alloys the Anderson condition of the existence of a local moment on Ni sites in the
ordered state is not fulfilled. So, the measured magnetic moments in the ordered state are
attributed to Mn atoms only. The values of the Mn spins Sy, (see Table 5.2) were obtained from
the relation uam =2 Sumus. Using these values, the effective Mn magnetic moments are calculated
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( y:gr” =2.8,,,(S,,, +Duy). In the paramagnetic region we have to consider the contribution of

Ni magnetic moments, induced by temperature, to the magnetic susceptibility (the Ni 3d band is
not completely filled). The Ni contribution to the effective magnetic moment was calculated

(,u;.u. = XU, + ViLy;» x and y are the molar fraction of Mn and Ni, respectively). The Ni effective

magnetic moment has reasonable values for x<0.4, comparable with the values on Ni sites in
other spin fluctuation systems [61, 62]. For x>0.4 the calculated Ni effective magnetic moments
are too large; this suggests that not all the Mn atoms moments are orientated in the same
direction and is possible to have antiferromagnetic Mn-Mn pairs. The probability of the
apparition of Mn-Mn antiferromagnetic pairs increases with Mn concentrations.

The strong Mn 3d - Al 3Sp  7able5.2. The magnetic moments and spin of Mn atoms
hybridization is due to the high number of in the ordered state and the calculated Mn effective
Al atoms in the Mn first vicinity, namely 8  magnetic moments of the Ni;..Mn.Al alloys.

Al atoms at ~2.5 A. This explains the small -
values of the Mn magnetic moments in Nij.

xMnxAl alloys comparing to MnNi. The Mn x=0.2 0.95 0.48 1.69
magnetic moment in the ordered state x=0.3 1.13 0.57 1.89
increases with Mn concentration, except for x=0.4 1.28 0.64 2.05
the x=0.8 alloy. This variation can be x=0.5 1.54 0.77 2.33
associated with the increase of the lattice x=0.6 1.68 0.84 2.49
parameter which leads to a decreasing in the x=0.8 1.55 0.78 2.36

Mn 3d - Al 3sp hybridization degree. But

together with the Mn concentration, increases also the probability of the Mn-Mn
antiferromagnetic pairs formation, so that a number of Mn magnetic moments do not contribute
to the magnetization. These two phenomena influence the value of the measured magnetic
moments.

It is well known that Mn-Mn interaction is antiferromagnetic when the distance is smaller
than ~2.9 A [63], comparable with the lattice constant in Ni;_Mn,Al alloys. For larger values the
coupling is ferromagnetic. In these alloys there are two possibilities for the appearance of
antiferromagnetic Mn-Mn pairs:

e There are two Mn atoms in the centre of near neighbour cells and lattice parameter is

smaller than 2.9 A;

e A crystallographic disorder appears: Mn and Al atoms switch places, thus the Mn-Mn

distance became ~2.5 A.

Chapter 6
Electronic structure and magnetic properties of Nig7AlxMng 3 alloys [64]

In the last three chapters it was presented the effect of the substitution of Mn by Al atoms
and Ni by Mn atoms in the electronic, crystallographic and magnetic structure, keeping the Ni
and respective Al atomic concentration constant. To have a complete picture of the Al-Mn-Ni
system in this chapter the Mn atomic concentration will remain the same and the substitution
effect of Ni by Al atoms will be studied.
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6.1 Structural characterization

Seven samples from the Nig7.xAlxMng3 system (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7) were
prepared. XRD  measurements were

performed on polished surfaces due to the r

hardness of the samples. X-ray diffraction - )L_J i
pattern of Nig7.xAlMno3 alloys are shown g | )\ x=0.1
in Fig. 6.1. The broad character of the § [ I o =
peaks indicates the presence of the strains 1:; x=02
in the samples. ;:.," JL x=0.3
All the investigated alloys are single phases § et i
except for Alp7Mngs and NigsAlg2Mngs E . R
alloys. XRD measurements revealed a I |‘|I x=0.5
change in the crystallographic structure & I\ i N
around x = 0.2 from AuCu; to CsCl (B2) | x=0.7
structure type. NigsAlpoMng; appears as a 5 0 5 =
mixture of these two structures. The results 20

only from the single phase alloys are  Fig. 6.1. X-ray diffraction pattern of Niy;..AL:Mny ;alloys
presented in the following pages.

6.2 XPS spectra

XPS valence band spectra of the Nig 7.xAlxMny 3 alloys are shown in Fig. 6.2. The Mn 3d
states are concentrated at the bottom of the valence band in the region around 3 eV binding
energy and became more visible at low Ni concentrations. The valence band centroids are shifted
towards higher binding energies and the density of states at Fermi level decreases as the Al
concentration increases, suggesting a gradual filling of the Ni 3d band due to hybridization of the
Al 3sp and Ni 3d states. In d-band metals and alloys the 3d states are shifted gradually to higher
binding energy with the increase in the d-state occupancy and consequently a decrease in the
density of states at the Fermi level occurs.

Intensity (arb. units)
Intensity (arb. units)

1 1 1I " L
15 10 5 0 890 880 870 860 850 840
Binding energy (eV)

Binding energy (eV)
Fig. 6.2. XPS valence band spectra of Nig ;. . AL.Mn s Fig .6.3. Ni 2p XPS spectra of Niy 7.,AlL.Mn, ; alloys
alloys.

The Ni 2p core-level spectra of Nig7.xAlxkMng3 alloys are shown in Fig. 6.3. As the Al
concentration increases, the Ni 2p core-level lines are shifted to higher binding energy. These
small chemical shifts are due to the change in the filling degree of the Ni 3d band, which leads to
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an increase in the electronic density around the Ni 2p shell. The 6 eV satellite structure intensity
decreases as the Al content increases, confirming the gradual filling of the Ni 3d band. The
presence of the satellite structures suggests that Ni atoms could carry a small magnetic moment.

There is an overlapping between Mn2p XPS line and Ni L,M»3M4s Auger line (Fig. 6.4).
The observed spin orbit splitting, which can be identified in the distance between the two centers
of energy of the Mn 2ps/, and 2p,; state is Ai,=11.5 eV.

= =
2 S
g g
£ >
w _
E E
Ni Auger ___,_,_,_—H—/\
[ ‘_M_l 1 L L L g =5 L A2
660 655 650 645 640 635 646 644 642 640 638 636
Binding energy (eV) Binding energy (eV)
Fig .6.4. Mn 2p XPS spectra of Niy ;.. AlL.Mngsalloys and  Fig. 6.5. Mn 2p3,, curve fitting results of Niy;Mn ; alloy
Ni Auger line

We have also fitted the Mn 2ps/, core-level spectra for some of the investigated alloys.
The curve fitting results for Nig7Mny 3 alloy is given in Fig. 6.5, with the mean energy separation
Aex=1.1 eV, comparable with the values observed in other Ni alloys [65]. This gives direct
evidence of the existence of local moments confined on Mn sites.

6.3 Magnetic measurements

The temperature dependence of magnetic susceptibility of Nig7Mng 3 and Nig4Aly3Mng 3
alloys is given in Fig. 6.6. The susceptibility presents a maximum, specific for antiferromagnetic
materials, which corresponds to Néel temperature. The values of the transition temperature are
Trn=150K and Ty=125K for Nigp7Mng 3 and Nig4Alp3Mng 3, respectively.
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Fig. 6.6. The temperature dependence of magnetic Fig. 6.7. The temperature dependence of the
susceptibility of Nig;Mng s and Nig 4Aly;Mny ; alloys spontaneous magnetization of Niy sAly ;Mny 3 and
Niy3Aly sMny 3 alloys

The increase of the magnetic susceptibility at very low temperatures could be due to some
ferromagnetic impurity or a conical antiferromagnetic structure, which has a ferromagnetic
component. This feature was also observed in the Chapter 4.
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The spontaneous magnetization as a function of temperature is given in Fig. 6.7 for
NigeAlp1Mng3 and Nig3AlpsMng3 alloys. The small values of spontaneous magnetization
suggest a ferrimagnetic behavior of these two alloys.

Fig. 6.8 shows the temperature dependence of the reciprocal susceptibility of
NigAlp1Mng 3 and Nig3Alp4Mng3 alloys in the paramagnetic state. The reciprocal of magnetic
susceptibility follows a Néel-type hyperbolic law, specific to ferrimagnetic materials. Usually for
ferromagnetic materials, the high temperature asymptote to the hyperbola has a Curie-Weiss
form. Unfortunately, for these two alloys, because the transition temperature is very high and the
instrumentation upper limit temperature was around 900K, the asymptote to the hyperbola was
not reached.

1000 | " 2500 [
800 |- v 2000 |-
Y .
-g 800 | % 1500 |-
E E
3 3
E g
& 400 & 1000 -
= =
3 S
200 F 500 |- A
0 1 1 1 1 1 0 1 1 1 1
800 820 840 860 880 900 650 700 750 800 850
T (K) T(K)

Fig. 6.8. The temperature dependence of the reciprocal susceptibility of NipsAly ;Mng 3 and Nig3Aly Mng; alloys

The Curie temperatures T¢ have been determined in the molecular field approximation from the
Men®(T) dependence and have the values 780.5K and 645K for NigsAlgMngs and
Nig3Alp4Mnyg 3, respectively.

The values and the variation of the magnetization with the temperature (Fig. 6.9a) suggest
a ferromagnetic behavior of Nip,AlpsMngs alloy. The ferromagnetic Curie temperature,
determined in the same way like above, has the value Tc=400K. The reciprocal susceptibility as
a function of temperature for Nip,AlgsMng3 alloy is presented in Fig. 6.9b and confirms the
ferromagnetic behavior. The experimental data fit a Curie-Weiss law.
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Fig. 6.9. The spontaneous magnetization (a), and the reciprocal magnetic susceptibility (b) as a function of
temperature of NiyAly sMny s alloy

The magnetic behavior of Nig7.xAlxMng 3 alloys is illustrated in Fig. 6.10. We have seen
in the Chapter 3 that in the ordered AuCu; structure type, Mn and Al atoms occupy the la
position and Ni atoms are situated in 3¢ position. In this case the coupling between the Mn atoms
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is ferromagnetic (dyn-Mn>2.9A°). In the crystallographically disordered alloys a number of Mn
atoms occupy the 3¢ positions and generate antiferromagnetic Mn-Mn pairs with the Mn atoms
from their firs vicinity situated in la or 3c positions (dvn-mn<2.9A°). In AuCus structure type
25% of atoms will occupy the 1a position and 75% the 3c position. On can see that in Nip;Mng 3
alloy even if the disorder degree is considered to be zero, a number of Mn atoms will be forced
to take the 3c position and to form Mn-Mn antiferromagnetic pairs. Furthermore, at this Mn
concentration the alloy is crystallographically disordered (see Chapter 3), with a disorder degree
very high. This explain the magnetic measurements results, which shown that Nig;Mng 3 alloy
has antiferromagnetic behavior.

In the Chapter 3 we have also seen that Al atoms play an important role in the stability of
the crystallographically ordered structures, and the probability of the apparition of
antiferromagnetic Mn-Mn pair decrease with the increase of Al concentration. This explains why
NigeAlp1Mng 3 alloy has a ferrimagnetic behavior.

AuCu,structure type CICs structure type

Antiferro- Ferri- Antiferro- Ferri- Ferro-
magnetic I OIEe magnetic magnetic magnetic

0 0.1 0.3 0.4 0.5 >x

Fig. 6.10. The magnetic behavior of Niy 7.,.AL.Mny; alloys

The Nig4Alp3Mng s alloy has the lattice parameter a~2.90A. At this distance the Mn-Mn
coupling is antiferromagnetic. The Nip3Aly4Mng; alloy has the lattice parameter a little bit larger
a~2.914A, but seems to be at the limit distance between the AFM and FM coupling. This could
be a reason why this alloy has ferrimagnetic behavior. The lattice parameter of the
Nig,AlpsMng3 alloy is larger (a=2.94) and it has a ferromagnetic behavior. This means that at
this distance the coupling between the Mn atoms is parallel.

Conclusions

The main idea of the thesis was to see how one can change the crystallographic structure
type, the electronic structure, the values of the magnetic moments and the sign of the interactions
between the local magnetic moments by changing the atomic concentration of the constituent
atoms in the ternary system Al-Mn-Ni.

The magnetic properties of the investigated alloys and compounds are strongly correlated
with their crystallographic properties and reflect the changes in the first vicinity and in the
distances between the 3d atoms. By changing the stoichiometry one can change the
crystallographic structure type (Mn;AlNi and Nip;AlxMng3 systems), but even if the
crystallographic structure remains the same (Mn;xAlxNi; and Ni; \MnyAl) the variation in the
lattice parameters leads to changes in the coupling between the magnetic moments of 3d
elements.

Some of the AI-Mn-Ni alloys are crystallographically disordered, but the crystallographic
disorder degree decreases quickly with the increase of Al concentration. Aluminum plays an
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important role in stabilizing the crystallographic ordered structure in Mn;  AlNi; alloys. The
same effect was observed for Nig 7.xAlxMny 3 in the small range of Al concentrations.

XPS spectra and magnetic measurements pointed out the existence of local magnetic
moments confined to the Mn sites for all Mn-Ni-Al alloys and compounds.

The hybridization between 3d Ni and 3sp Al states leads to a partial or complete filling of
Ni 3d band, as indicated by XPS core level and valence band spectra.

XPS and magnetic measurements evidenced that Mn 3d band in Mn;4AlkNi; and
Mn, xAlNi systems is not affected by hybridization with Al 3sp states while in Ni;.{MnsAl and
Nig7.xAlxMng 3 systems Mn 3d band is strongly affected. This depends again on the interatomic
distances.

XPS spectra suggest that Ni atoms could carry small magnetic moments in almost all the
investigated alloys but, the Anderson condition for the existence of a local magnetic moment at
Ni sites, in the ordered magnetic state, is fulfilled only for Mn; AlxNi; alloys. Ni atoms bring
their contribution to the effective magnetic moment in the paramagnetic state. In many cases
their contribution is small but for some of the investigated alloys temperature induced spin
fluctuations at Ni sites were evidenced.

Magnetic measurements revealed different types of magnetic ordering: ferromagnetic,
ferrimagnetic, antiferromagnetic and in some of the investigated alloys coexistence between
antiferromagnetism and ferromagnetism was evidenced. By changing the stoichiometry was
possible to pass from one type of magnetic ordering to another. A very good example is the
Nip7.xAlxMng 3 system, where a transition from antiferromagnetism to ferromagnetism through
an intermediate ferrimagnetic phase was evidenced once the Al concentration increases.

The profound understanding of the magnetic phenomena and the correct interpretation of
the magnetic properties of the alloys and intermetallic compounds based on transition elements
can be achieved only through the correlation of obtained data from XPS, XRD and magnetic
measurements, corroborated with the band structure calculations.
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