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Abstract

This work is concerned with the characterization, modeling and understanding

of electronic properties of crystalline compounds that onl y contain main-group

elements. It has been motivated by recent �ndings of unconve ntional behavior

in materials whose composition lays in between intermetall ics and valence com-

pounds. With this work, some fundamental questions were sol ved; however, other

interesting problems were opened.

Alkaline-earth mono-silicides (ÆSi, Æ = Ca, Sr, Ba ) are considered Zintl

phases, because their compositions and structural arrangements �t well into this

model. The octet rule is satis�ed and the in�nite one dimensi onal Zintl anion

1
1 [Si]2� forms a closed shell[1–8]. Unexpectedly, metallic behaviour with high

resistivity, as well as evidence of non-linear magnetic res ponse, were found in

these materials.

With the aid of systematic measurements of isothermal susceptibility and com-

position analysis we show that this magnetism is a bulk e � ect. These compounds

are bad metals, i.e. with low carrier density and, their magn etic and transport

properties can be easily a� ected by impurities. From the comparison with ESi

counterparts (E = Sc, Y, La) we observed that this magnetism is not determined

by the number of electrons in d states of metal-atoms, although the latter could be

essential for the formation of their conducting network.

For further understanding on the theoretical side, �rst-pr inciples calculations

of their electronic structure were carried out within DFT le vel, using several self-

consistency algorithms and basis sets. All results turned out very stable and

predicted ÆSi as metallic with low density of states at the Fe rmi level. The LMTO

method, which has been proved to be a good tool for determinin g electronic

distribution, shows that d states are stabilized in this crystalline environment and
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account for the location of a signi�cant number of the valenc e electrons. This

is related to the local coordination of the atoms and to the ba nd-width of the

anion centered states. The eclipsed stacking of the in�nite silicon chains favors the

overlap of the � system. This produces broader valence bands than those in other

arrangements, with a consequent overlapping with the condu ction band. It is of

fundamental relevance since it makes these materials to go beyond the generalized

Zintl phases; i.e. they are not only metallic but also their t ransport properties are

not solely determined by the Zintl-anion.

From our calculations, the spin-density �eld shows a very we ak and de-

localized pattern suggesting an itinerant magnetism. We pr opose a density distri-

bution function ( F(log � )) as a semi quantitative method for analyzing the electron

density, which could give complementary useful insights. F(log � ) is a �ne-bin

histogram of the logarithm of the electron density �eld in th e unit cell. It equals

a delta function in a structureless system (free electron gas). For metals it shows

a narrow peak corresponding to the electron density in inter stitial regions with a

tail toward large densities which corresponds to the screen ing of the nuclei. For

bad metals, the distribution is broad and for insulators, it has a tail toward lower

densities. F(log � ) shows ESi as bad metals and ÆSi as worse metals than ESi. For

alkaline-earth silicides F(log � ) enters the region of density values for which Mon-

tecarlo calculations have predicted that the free-electron gas model has a polarized

ground state[9].

Our theoretical and experimental results are in qualitaviv e agreement; the low

density of carriers due to the transfer of electrons to metal d-states, seems to be the

play ground of the observed magnetic instabilities. This ju stify, the planarity of the

chains, the triangular prismatic coordination of metal ato ms and in conjunction,

the glassy behavior of their spin system. Further experimen ts, which might give

some insight about the real space magnetic structure, are planned for the early

future.
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Inspired by the unusual behavior of these bad metals of main g roup com-

pounds, which were expected to be ionic semiconductors , we dedicate a part of

this work to the construction and study of a minimal model . That model consists

of two hetero atoms per unit cell with one atomic orbital each . One type of state,

with lower energy, forms the anion band and the other, with hi gher energy, a

narrow conduction band. We set a weak band mixing and study th e possibility

of magnetic phases as a function of the Coulomb repulsion in e ither of the bands.

This is di � erent to other minimal models like the d� p, since each of the atom-types

forms a conduction network by it self. It can be seen as two Hub bard's models

with inter band hopping and inter orbital antiferromagneti c exchange. We com-

puted the ground state and thermodynamic functions of this m odel within the

Hartree-Fock approximation, using a code that was also deve loped as part of this

work.

A very general and expected result is that the Coulomb repuls ion in the anion

state can drive the system from insulator to metal because of the raising of the

anion band relative to the unoccupied conduction band. We sh ow that a phase

with net moment, but opposite polarization of anion and cati on sub-lattices, is a

stable ground state with respect to the paramagnetic phase, for suitable Coulomb-

integral to band-width ratios ( I
W ) depending on the inter band splitting. The

magnetic transition can be continuous or discontinuous. Th e continuous transition

occurs as a consequence of a Stoner's like instability in thenarrow conduction band

when the Fermi level lays at the peak of the density of states. The discontinuous

transition is found for low and even zero I
W in the conduction band, for moderate

(0:6 < I
W < 0:7) or large ( I

W > 1:4) interaction in the valence band, and it does not

require a large DOS at the Fermi level. This magnetism at moderate interaction in

the valence band can be representative of nearly ionic main-group semiconductors.

Going further to moderate interaction, we found that for I
W > 1:1 the polarized

phase goes continuously to a half-metallic phase, where the net moment vanishes
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and the transport occurs in only one spin component. In this p hase, the chemical

potential lays at, or is close to, the top of the valence band of the insulating spin

component. Therefore, the moment cancellation can be unbalanced not only by

doping but also by heating. Our model also supports a metal in sulator transition

of Mott type which is mostly dominated by the Coulomb repulsi on at the valence

band. At I
W > 1:6, this insulating phase appears with full localization of e lectrons

and opposite polarization of the cation and anion sub lattic es. The low energy

physics of this phase might have some similarities with the a ntiferromagnetic

state of Hubbard's model. We expect to dedicate future work t o this subject,

as well as �nding possible real systems that could �t into thi s model. Yet, we

have only explored a tiny part of all possibilities given by t he large number of

parameters.

Last but not least, we used DFT-based �rst-principles calcu lations of electronic

structure for the discrimination of appropriate structure models for recently ob-

tained novel nitrido compounds Ca[AlSiN 3] and Ca5[Si2Al 2N8]. Nitrido alumino

silicates constitute a rather new family of compound. Thoug h their synthesis re-

quires special conditions, they promise a large diversity o f new geometries owing

to the many bridging possibilities of nitrogen. Due to the si milar bonding distances

and form factors of tetrahedral-coordinated silicon and al uminum, their positions

can not be di� erentiated in a clear-cut way by XRD; neither the replacemen t of

nitrogen by some oxygen can be ruled out for similar reasons. We built reasonable

structure models and performed total energy and band struct ure calculations.

Ca5[Si2Al 2N8], which crystallizes in the space group PbcnN � 60, has two types

of double tetrahedra [T 2N6] as anion building blocks. We can show that the best

energy and a reasonable band gap is obtained when Si and Al are assigned to those

double tetrahedra with shorter and larger T-T distances, re spectively. Oxygen

content in crystal form can be discarded due to the theoretic al analysis.

The case Ca[AlSiN3] was slightly more complicated since the compound crys-
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tallizes in space group Cmc21 N � 36 with Si and Al apparently sharing 50 /50 same

Wycko� position. Al and Si tetrahedra are connected by corner shari ng nitrogen

atoms occupying 4a and 8b positions and connecting two and three tetrahedra,

respectively. This geometrical arrangement makes impossible to satisfy all bond

evenly. We performed calculations on models where the symme try is reduced

to maximal sub-groups and we did show that best energies and r easonable band

gaps are obtained when no oxygen is included and Si-Al altern ation is maximized.

More than one model gave similar results in accordance with t he geometrical

frustration, which is consistent with the assigned mixed oc cupancy.

Similar studies on other novel compounds are in process. MTO methods have

been a very useful tool, because their minimal basis set allows us to tackle systems

like these, where the asymmetric unit contains a large numbe r of atoms, still giving

accurate energy results.
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Kurzfassung

Die vorliegende Arbeit befasst sich mit der Charakterisier ung und Modellierung

der elektronischen Eigenschaften von kristallinen Verbin dungen, die nur Haupt-

gruppenelemete enthalten. Die Motivation dazu stammt vom k ürzlich beobachteten

ungewöhnlichen Verhalten in Materialien, deren Zusammen setzung zwischen in-

termetallischen Phasen und Valenzverbindungen liegt. Mit dieser Arbeit wurden

einige grundsätzliche Fragen gelöst; jedoch wurden andere interessante Probleme

zu Tage gefördert.

Erdalkalisilicide werden als Zintlphasen betrachtet, weil ihre Zusammenset-

zung und strukturelle Anordnung gut in dieses Modell passen . Die Oktett-Regel

ist erfüllt und das unendliche eindimensionale Zintl-Ani on 1
1 [Si]2� bildet eine

geschlossene Schale[1–8]. Allerdings wurde in diesen Materialien unerwartet met-

allisches Verhalten mit hohem spezi�schem Widerstand sowi e Anzeichen nicht-

linearer magnetischer Eigenschaften nachgewiesen.

Mit Hilfe von systematischen magnetischen Messungen und An alyse der Zusam-

mensetzung zeigen wir, dass dieser Magnetismus mit den Haup tinhaltssto � en in

Zusammenhang steht. Diese Verbindungen sind schlechte metalle, d.h. ihre mag-

netischen Eigenschaften und elektrische Leitfähigkeit k önnen durch Fremdatome

leicht beein�usst werden. Durch den Vergleich mit ESi Gegen stücken (E = Sc, Y,

La) bemerkten wir, dass dieser Magnetismus nicht durch die Z ahl von Elektro-

nen in d Zuständen von Metallatomen bestimmt ist, obwohl die Letzt eren für die

Bildung ihres leitenden Netzwerks notwendig sein könnten .

Für besseres Verständnis der theoretischen Seite wurdenab initio Dichtefunk-

tional Theorie (DFT) Berechnungen der elektronischen Struktur mit verschiedenen

“self-consistency” Algorythmen und Basisfunktionen ausg eführt. Alle Resultate

waren stabil und ergaben für ÆSi Metalle mit einer geringen Zustandsdichte auf
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dem Fermi-Niveau. Die LMTO Methode, welche sich als Werkzeu g zur Bes-

timmung der Elektronenverteilung bewährt hat, zeigt, das s d Zustände in dieser

Kristallumgebung stabilisiert sind und für die Platzieru ng einer signi�kanten An-

zahl an Valenzelektronen verantwortlich sind. Dies steht i m Zusammenhang mit

der Koordination der Atome und der Bandbreite der Anionen. D ie ekliptische

Stapelung der unendlichen Silikonketten begünstigt die Überlappung des � Sys-

tems. Dies erzeugt breitere Valenzbanden als in anderen Ausrichtungen und führt

zur Überlappung mit der Leitungsbande. Dies wiederum ist von fu ndamentaler

Wichtigkeit da es diese Materialien von normalen Zintl Phas en abhebt; d.h. sie

sind nicht nur metallisch, sondern ihre Transporteigensch aften sind auch nicht

ausschließlich durch das Zintl-Anion bestimmt.

In unseren Berechnungen zeigt das Spin-Dichte-Feld ein sehr schwaches und

delokalisiertes Muster, das auf einen sich bewegenden Magnetismus hindeutet.

Wir schlagen eine Dichteverteilungsfunktion ( F(log � )) als halbquantitative Meth-

ode zur Analyse der Elektronendichte vor, welche nützlich e ergänzende Erkennt-

nisse bringen könnte. F(log � ) ist ein Histogramm des Logarythmus des Elektro-

nendichtefeldes in der Einheitszelle. Es ist zur Delta-Fun ktion in einem System

ohne Struktur identisch (freies Elektronengas). Für Meta lle zeigt es einen schmalen

Peak für die Elektronendichte in interstitiellen Regione n mit einer auslaufenden

Kurve gegen hohe Dichten, was mit der Abschirmung der Kerne ¨ubereinstimmt.

Für schlechte Metalle ist die Verteilung breit, und für Is olatoren läuft die Kurve

gegen geringe Dichten aus. F(log � ) zeigt ESi als schlechte Metalle und AESi als

noch schlechtere Metalle. Für Erdalkali-Silicide betrit t F(log � ) die Region der

Dichtewerte, für welche Montecarlo-Berechnungen voraus sagen, dass das freie

Elektronengas Modell einen polarisierten Grundzustand ha t[9].

Unsere theoretischen und experimentellen Resultate stimmen qualitativ überein;

die geringe Dichte der freien Quasipartikel scheint der Nä hrboden der beobachteten

magnetischen Instabilitäten zu sein. Weitere Experiment e, welche nähere Erken-
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ntnisse über die real-Raum magnetische Struktur geben sollen, sind geplant für

die nähere Zukunft.

Inspiriert durch das ungewöhnliche Verhalten dieser schl echten Hauptgrup-

penmetalle, von denen erwartet worden war, dass sie ionische Halbleiter seien,

widmen wir einen Teil dieser Arbeit dem Aufbau und der Untersuchung eines

minimalen Modells . Unser Modell besteht aus zwei Heteroatomen pro Einheit-

szelle mit je einem Atomorbital. Ein Zustandstyp, mit tiefe rer Energie, formt das

Anionenband, und der andere, mit höherer Energie, ein schm ales Leitungsband.

Wir wählen ein schwaches Band-Mischen und Untersuchen die Möglichkeit mag-

netischer Phasen als Funktion der Coulomb-Abstoßung zwisc hen Elektronen, die

sich am gleichen Gitterplatz aufhalten. Dies unterscheide t sich von anderen mini-

malen Modellen wie d� p, da jeder der Atomtypen ein eigenes Leitungs-Netzwerk

formt. Es kann als zwei Hubbard Modelle mit Zwischenband-Mi schen und inter-

Orbital antiferromagnetischem Austausch angesehen werden. Wir haben den

Grundzustand und thermodynamische Funktionen dieses Mode lls mit Hartree-

Fock-Näherung mit einem Code berechnet, der auch als Teil dieser Arbeit entwick-

elt worden war.

Ein sehr allgemeines und erwartetes Resultat ist, dass die Coulomb - Ab-

stoßung im Anionenzustand das System vom Isolator zum Metal l treiben kann

wegen der Erhöhung des Anionenbandes relativ zum unbesetz ten Leitungsband.

Wir zeigen, dass eine Phase mit netto Moment, aber gegensätzlicher Polarisierung

von Anionen- und Kationen-Subgitter, ein stabiler Grundzu stand ist bezüglich

der paramagnetischen Phase, für angemessene Coulomb-Integral zu Bandbre-

iten Verhältnisse I
W , abhängig von der Zwischenband-Spaltung. Der magnetisch e

Übergang kann kontinuierlich oder diskontinuierlich sein . Der kontinuierliche

Übergang tritt auf als Konsequenz von Stoner's Instabilit¨at im schmalen Leitungs-

band wenn das Fermi-Niveau auf der Spitze der Zustandsdicht e liegt. Der diskon-

tinuierliche Übergang wird gefunden für kleine oder sogar null I
W im Leitungs-
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band, für moderate (0:6 < I
W < 0:7) oder große ( I

W > 1:4) Wechselwirkungen im

Valenzband, und er benötigt keinen großen DOS auf Fermi-Ni veau. Dieser Mag-

netismus bei moderater Wechselwirkung im Valenzband kann a ls repräsentativ

für beinahe ionische Hauptgruppen-Halbleiter betrachte t werden.

Für moderate Wechselwirkungen fanden wir dass für I
W > 1:1 die polarisierte

Phase kontinuierlich in eine halbmetallische Phase übergeht, wo das netto Moment

verschwindet und Transport nur in einer Spinkomponente vor kommt. In dieser

Phase liegt das chemische Potential auf, oder in der Nähe des höchsten Punk-

tes der Valenzbande der isolierenden Spinkomponente. Deshalb kann das Null-

moment nicht nur durch Dotierung, sondern auch durch Erhitz en aus dem Gle-

ichgewicht gebracht werden. Unser Modell unterstützt auc h einen Metall-Isolator-

Übergang vom Mott-Typ, der hauptsächlich durch die Coulom b-Abstoßung an der

Valenzbande dominiert wird. Bei I
W > 1:6 erscheint diese isolierende Phase mit

voller Lokalisierung der Elektronen und gegenteiliger pol arisierung der Kationen-

und Anionen-Subgitter. Die tiefe-Energie-Physik dieser P hase könnte einige

Ähnlichkeiten mit dem antiferromagnetischen Zustand des H ubbard-Modells

haben. Wir haben vor, in Zukunft mehr Arbeit in dieses Thema z u stecken und

auch in die Suche nach möglichen realen Systemen die in dieses Modell passen

könnten. Bisher wurde nur ein winziger Teil aller Möglich keiten untersucht, die

von der großen Anzahl an Parametern gegeben sind.

Schlussendlich haben wir DFT-basierte ab initio Berechnungen von elektronis-

cher Struktur benützt für die Unterscheidung von geeigne ten Strukturmodellen

für kürzlich erhaltene Materialien Ca5[Si2Al 2N8] und Ca[AlSiN 3]. Nitrido Alu-

mino Silikat ist eine eher neue Familie von Verbindungen da s ie spezielle Synthe-

sebedingungen verlangen, doch sie bieten aussichtsreicheVielfalt dank der vielen

Brückenbildungs-Möglichkeiten des Sticksto � s. Wegen der ähnlichen Bindungs-

distanzen und Formfaktoren von tetrahedrisch koordienier tem Silikon und Alu-

minium kann ihre Position nicht auf direktem Weg durch Rönt genstrukturanalyse
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unterschieden werden; noch kann der Austausch von Sticksto � durch etwas Sauer-

sto� aus ähnlichen Gründen ausgeschlossen werden. Wir bildeten angemessene

Strukturmodelle und führten Gesamtenergie- und Bandstru ktur-Berechnungen

durch.

Für Ca5[Si2Al 2N8], das in der Raumgruppe PbcnN � 60 kristallisiert und zwei

typen doppelter Tetrahedra [T 2N6] als Anionen-Bausteine besitzt, zeigen wir, dass

die beste Energie und eine angemessene Bandlücke erhaltenwird, wenn Si und

Al auf die doppelten Tetrahedra mit kürzeren, beziehungsw eise längeren T-T

Distanzen zugeordnet werden. Sauersto� gehalt wurde verworfen.

Der Fall Ca[AlSiN 3] war etwas komplizierter da es in der Raumgruppe Cmc21

N � 36 kristallisiert, mit Si und Al die anscheinend 50 /50 dieselbe Wycko� Posi-

tion teilen. Al und Si Tetrahedra sind durch das Teilen von Ec ken verbunden.

Sticksto� atome besetzen 4a und 8b Positionen, welche zwei, beziehungsweise

drei Tetrahedra miteinander verbinden. Diese geometrisch e Anordnung macht es

unmöglich, alle Bindungen in gleichem Maß zu befriedigen. Wir führten Berech-

nungen an Modellen durch, bei denen die Symmetrie zu maximal en Untergrup-

pen reduziert war und wir zeigen, dass die besten Energieen u nd angemessene

Bandlücken erhalten werden, wenn kein Sauersto� beinhaltet und die Si-Al Alter-

nation maximiert ist. Mehr als ein Modell ergab ähnliche Re sultate in Übereinstim-

mung mit der geometrischen Frustration, welche beständig ist mit der zugeord-

neten gemischten Besetzung.

Ähnliche Studien an anderen neuen Verbindungen sind in Bear beitung. MTO

Methoden waren ein sehr nützliches Hilfsmittel, da ihr min imales Basisset uns

erlaubt Systeme wie diese zu bewältigen, bei denen die asymmetrische Einheit

eine große Anzahl an Atomen enthält, und immer noch exakte E nergieresultate

ergibt.
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1. Introduction

This chapter summarizes basic concepts and ideas which are relevant for the

understanding of magnetism in solids. Some simpli�ed model s that have been

used for theoretical simulation of magnetic materials are a lso commented. Then,

some novel inter metallic compounds are being presented whi ch are studied along

this work. Last, a guide to the organization of this manuscri pt is given.

1.1 Overview on Magnetism

The discovery of magnetism dates to around 600 B.C. with the � nding of the

lodestone. The name magnets comes from Magnesia, the place in Greece where

the stones were found and magnetism was named the phenomenon by which

magnets attract or repel other materials. Magnetite, the ma in material which

forms magnets, is a naturally occurring iron(II,III) oxide (FeOFe2O3). Many other

materials –Fe, Ni and Co among them– have been found which exh ibit similar

properties. They have been of very much use in navigation, ge ology, medicine

and electronics. However, only in the last two centuries, ma gnetic materials started

to being understood.

1.1.1 Magnetic �eld and magnetization

For the description of magnetism three �elds 1 are de�ned: B , M and H [10, 11]. B

is the magnetic �ux density or magnetic induction. It causes the force (F = qv^ B )

felt by moving charges. Each electron has a magnetic moment due to its spin

and orbital motion (bound currents). Magnetization M is the density of these

magnetic moments. H is an auxiliary �eld de�ned, called magnetizing �eld or

1Loosely speaking, �eld stands for a function of space and tim e with continuous derivatives up
to second order.

1



2 Chapter 1. Introduction

just magnetic �eld and it is equivalent to B in the vacuum. In general

B = H + M : (1.1)

In the quasi-static limit they satisfy Ampere's and Gauß's l aws

I

l
H � dl =

"
J � dA (1.2)

	

A
B � dA = 0: (1.3)

Ampere's law relates the circulation of H around any contour l, with the �ux of the

macroscopic current density J through any surface A limited by l. Macroscopic

currents are those which can be directly controlled and meas ured (like charge

�ux in wires); not like bound currents which are closed loops of atomic size and

contribute to M . One of the advantage of introducing the auxiliary �eld H is

that it depends on macroscopic currents. The price to pay is t hat for solving

any magnetic problem one requires a relation between the app lied �eld and the

induced magnetization M (H ; T) at a given temperature T. This is an equation of

state for bound currents and spins; it has to be obtained from the thermodynamics

of electrons. Gauß's law implies that the force lines of the o bservable �eld B are

closed; there is no beginning and no end; i.e. absence of magnetic monopole.

The ratio M
H is generally �eld-dependent. If the system can be assumed to

respond linearly; then the constitutive equation

M = � (T)H (1.4)

holds, where � (T) is the magnetic susceptibility. According to Eq.(1.1), � is a pure

number and it quanti�es whether the material is weakly or str ongly magnetized.

Other systems of units can be used for convenience; then someproportionality

constants have to be included in (1.1) and � acquires units and/or dimensions.
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1.1.2 Classi�cation of materials according to their magnet ic be-

haviour

To study experimentally the magnetic behavior of a material , one places a small

sample in presence of a magnetic �eld H generated by external currents, and

obtains M from the perturbation in the magnetic �ux, due to the sample. There

are two very useful measurement schemes [12]. The �rst is as follows: The sample

is heated and then cooled down to the minimum temperature wit hout �eld; this

is the preparation part which is meant to erase remanent �eld s. Then the �eld

is turned on to the desired value and the measurement is perfo rmed over a �ne

set of temperatures. The material is cooled again, this time in the presence of the

�eld and measured again while warming. In the second scheme, after a similar

preparation, the temperature is �xed at a desired value and t he sample is measured

over a cycle of di� erent �elds. Materials are classi�ed as follows[12–14].

Paramagnets: produce a �eld enhancement ( � > 0). For eachT, M is proportional

to H . M vs H and M vs T are reversible. For some paramagnets �

decreases when the temparature is raised but in other cases� is small and

temperature independent. Paramagnetism is observed in mat erials with

localized magnetic moments like ions with unpaired spins an d in metals.

Paramagnets are attracted by a magnetic �eld.

Diamagnets: M vs H is linear with ( � < 0). M vs H and M vs T are reversible.

� is temperature independent. Diamagnetism is normally obse rved in ma-

terials where all electrons are paired in closed shell ions, in covalent bonds

and in lone electron pairs. Diamagnets are repelled by a magnetic �eld.

Ferromagnets: � > 0. The M contribution to B can be much larger than the

applied �eld. Below a certain temperature, called Curie tem perature (TC),

which is material dependent, one can measure a �nite magneti zation even if

the external �eld is turned o � (spontaneous magnetization). Ferromagnets



4 Chapter 1. Introduction

have unpaired spins as paramagnets but the spins have a tendency to align

and to respond coherently. M
H is �eld-dependent. M vsH and M vsT curves

are history dependent. The spontaneous magnetization decreases when

approaching TC from below and vanishes continuously. Above TC there is

no spontaneous magnetization and the material behaves like a paramagnet.

When approaching TC from above, � increases signi�cantly and diverges at

TC. Fe, Ni and Co are examples of Ferromagnetic materials.

Antiferromagnets: have no spontaneous magnetization. Atomic magnetic mo-

ments also have a long range order, but instead of being all al igned they have

alternating orientation so that the system can be seen as twosub lattices with

opposite polarization. � > 0, and it is of the same order as in paramagnets.

Susceptibility curves are reversible and �eld-independen t. Below the order-

ing temperature (Néel temperature TN ), � grows with the temperature until

TN . Above TN , the substance becomes paramagnetic and� decreases with

a further temperature increase. Antiferromagnetism is obs erved in some

transition metal oxides (TMOs).

Ferrimagnets: have two sublattices with opposite polarization just like a ntiferro-

magnets, but the moments on one sublattice are larger than on the other;

therefore ferrimagnets have spontaneous polarization bel ow the ordering

temperature Tc. They behave like ferromagnets. A macroscopic di � erence

with ferromagnets is that below Tc, there might be another temperature at

which the moments compensate. Moreover, their electrical r esistivity is usu-

ally much higher than in ferromagnets. Magnetite was �rst cl assi�ed as

ferromagnetic until the works of Néel showed that it is actu ally ferrimag-

netic.

These behaviors are very idealized and materials can show very complicated

magnetic responses due to the competition of various of these e� ects. Another
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very striking magnetic phase is the so called spin glass, where there is usually an

antiferromagnetic tendency but the geometry of the lattice does not allow for alter-

nating signs of all nearest neighbor moments, as a triangula r lattice for example.

These frustration leads to many complex and nearly degenerate “ground” states

among which the material can not decide with the consequent s lowing down of

the relaxation toward equilibrium and other unusual behavi ors.

Impurities can also play diverse roles. They can be present as single atoms sub-

stituting a small fraction of one or more types of atoms in ran dom lattice positions;

this case is called doping. This type of impurity can general ly change the transport

and magnetic properties of the electronic structure. Ferro magnetic impurities can

be also present as clusters that behave as bulk material and the magnetic behavior

will be the weighted average of host and impurities. An inter mediate case is also

possible, where magnetic impurities are distributed in for m of small clusters of

atoms which are too big to �t in the structure as atomic substi tution. They behave

like small magnets of bulk material but the orientation of th e each cluster as a

whole can be changed by thermal energy. In this situation the total magnetization

vanishes when there is no external �eld but when a �eld is appl ied it takes values

much higher than in a normal paramagnet. In addition, the rat e at which the

thermal energy is able to �ip the orientation of each cluster can be large enough to

be observed under time dependent �elds. This is called super paramagnetism.

1.1.3 Microscopic description of magnetism

The physics of diamagnetism and paramagnetism is explained by the thermody-

namics of non interacting electrons governed by the e � ective one electron Hamil-

tonian

H =
1

2m�
(p � eA )2 � gS

e
2me

S � B +
1

2mem� c2
S � [r V ^ (p � eA )] : (1.5)
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The �rst term is spin-independent. A is the vector potential of the magnetic

induction ( B = r ^ A ) and m� is the e� ective mass. Second and third are the

Zeemann energy and the spin-orbit interaction, respective ly. S is the one electron

spin vector, gS is known as the g-factor which is nearly 2. V is the electrostatic

potential of the lattice.

For a uniform external magnetic �eld,

H =
1

2m�
p2 � m � B +

e2B2

8m�
r2

? +
1

2mem� c2
S � [r V ^ (p � eA )] ; (1.6)

where

m =
e

2me

me

m�
L + gS

e
2me

S (1.7)

is the electron magnetic moment.

The term linear in the external �eld gives the paramagnetic c ontribution since

the energy minimization tends to align the moments parallel to the �eld. Special

cases of this contribution are observed under di � erent conditions.

Curie paramagnetism: due to localized moments at lattice sites. The atomic (or

ionic) con�gurations have non vanishing local moments m. When a �eld

is applied, the ratio of the probabilities of having a moment parallel or anti

parallel to the �eld is, according to the Boltzmann law,
P"

P#
= e

2 jmjH
T . For the

common case where the Zeemann energy is smaller than the thermal energy,

the magnetization is proportional to Njmj2H
T , being N the density of moments.

If an extremely high �eld is applied, and the Zeemann energy b ecomes larger

than the thermal energy, the magnetization is not anymore pr oportional to

the �eld and saturates, taking in the limit of H
T ! 1 , the maximum value

with all the moments perfectly aligned.

Pauli paramagnetism: Itinerant electrons in solids, where the average orbital mo -

ment is zero. Due to the statistics of the Fermi gas (exclusion principle),

only states in a energy window proportional to T around the Fermi level,
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are neither fully occupied nor empty, allowing spin �ip. The se states can

be polarized by an applied �eld, each one having in average a p olarization

proportional to H
T . This produces a weak magnetization, proportional to the

applied �eld, which is temperature independent.

Van-Vleck paramagnetism: Atomic con�gurations have vanishing moments at

T = 0 but there are low-lying exited states (i.e. some electrons are unpaired

by thermal excitations). It produces a very weak magnetizat ion which is

nearly temperature independent.

In Eq.(1.6), the term quadratic in the �eld is the energy cont ribution due to

induced moments (Lenz induction). This term gives the diama gnetic contribu-

tion. A free electron gas with classical density of states wi ll produce a vanishing

magnetization due to compensation of oppositely induced cu rrents. Quantization

accounts for the Landau levels and it gives rise to the Landau diamagnetism and

to the oscillation of the susceptibility as a function of the �eld (for high �elds)

known as de Haas-van Alphen e � ect.

Paramagnetic materials also have a diamagnetic contribution due to paired

electrons (cores and bonds) but it is usually weaker than the paramagnetic con-

tribution. In some metals, e.g. Bismuth or graphene, the dia magnetic term can

become stronger.

For very contracted states like f -orbital in heavy atoms, the interaction of their

electrons with the anisotropic crystal �eld is screened by t he outer shells and can

be neglected. Then, one can suppose that the electron feels at a time a spherically

symmetric potential V(r) and the angular momentum has a well de�ned value.

The last term in Eq. 1.6 (spin orbit interaction) can be writt en as

HSO = �
1

2mem� c2

 
1
r

dV
dr

!

L � S: (1.8)

The value of h1
r

dV
dr i is in heavy atoms larger than in light ones. For this reasons
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spin-orbit coupling is relevant in compounds with heavy ato ms. Otherwise, core

electrons form closed shells and, for valence electrons, the orbital angular momen-

tum is not conserved due to the interaction with the anisotro pic crystal �eld. The

orbital momentum is then zero on the average, spin orbit coup ling is negligible and

most of the relevant physics is described by the magnetism du e to the spins[15].

The magnetic ordering in (anti-)ferromagnets is a consequence of the interac-

tion amongst neighbor spins which tends to (anti-)align the m. This interaction is

overcome by thermal disorder above the (Néel) Curie temper ature. In a typical

solid, the total magnetic moment of an electron is of the orde r of the Bohr mag-

neton whilst the average distance between two electrons can be taken as the Bohr

radius. For the classical dipole-dipole magnetic interact ion, the interaction energy

can be estimated as

� E � � 0

� 2
B

a3
B

� 10� 23J� 10� 4 eV � 1K;

which is negligible with respect to the typical energy scale s in a solid and can

not account for the spontaneous ordering at room or moderate temperatures[11].

Therefore, the vector potential A which appears in the one electron Hamiltonian is

determined just by external sources and then r^ A = � 0H . The coupling between

spins, which is responsible for the M component of B , is not of classical origin,

it arises as a consequence of electron-electron Coulomb interaction and quantum

statistics.

The physics of interacting electrons is represented by the many-electron Hamil-

tonian, which in the second quantization language (describ ed in Appendix B), is

Ĥ =
X

�

Z
dr ˆ y

� (r )[�
1

2me
r 2 + Vext(r )] ˆ � (r )

+
1
2

X

�� 0

Z
dr dr 0 ˆ y

� (r ) ˆ y
� 0(r 0)vc(r � r 0) ˆ � 0(r 0) ˆ � (r ); (1.9)
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The �rst term in square brackets is the single particle Hamil tonian, where me is the

electron mass and Vext(r ), the lattice potential. vc(r � r 0) is the electron-electron

Coulomb interaction. ˆ y
� (r ) ( ˆ � (r )) is the creation (annihilation) operator of an

electron with spin � at the point ( r ; t). In order to satisfy the exclusion principle,

ˆ y
� (r ) and ˆ � (r ) satisfy the anticonmutation relations 2

f ˆ � (r ); ˆ y
� 0(r 0)g= � �� 0� (r � r 0); f ˆ � (r ); ˆ � 0(r 0)g= 0; f ˆ y

� (r ); ˆ y
� 0(r 0)g= 0:

(1.10)

Taking Wannier functions (Appendix B.1.3) as basis set j� i , the Hamiltonian in

Eq.(1.9) is rewritten in terms of on-site creation and annih ilation operators

Ĥ = �
X

���

t �� ĉy
�� ĉ�� +

1
4

X

��

�
2v��;�� � v��;��

�
n̂� n̂�

�
X

��

v��;�� Ŝ� � Ŝ� +
X

��
� , �

v��;�� ĉy
� " ĉ

y
� #ĉ� #ĉ� " ; (1.11)

where

t �� = h� j[
1

2me
r 2 � Vext(r )]j� i ; (1.12)

v��;
� =
Z

dr dr 0� �
� (r )� �

� (r
0)v(r � r 0)� 
 (r 0)� � (r ): (1.13)

and occupations with spin up and spin down are written in term s of the orbital

occupation and orbital spin operators

n̂� " =
1
2

n̂� + Ŝz
� ; n̂� # =

1
2

n̂� � Ŝz
� ; Ŝ+

� = ĉy
� " ĉ� # and Ŝ�

� = ĉy
� #ĉ� " : (1.14)

Greek indexes run over site and orbital degrees of freedom in multi-band

systems. n̂�� = ĉy
�� ĉ�� are the electron-number operators on the state � and spin

2fa; bg= ab+ ba.
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� =" or #.

The �rst term in the second line of Eq.(1.11) gives the direct interaction between

spins. J�� = v��;�� is called exchange energy. It is the energy di� erence between

two many-fermion states which di � er in the relative orientation of the spins at �

and � (in a two-electron case J = E"# � E"" ). The sign of J determines whether

parallel or anti parallel alignment is favored. Exchange in teractions in a solid are

grouped in six relevant cases according to the type of states involved[16].

Direct on-site exchange. Arising from an exchange of electrons within a ( d or f )

shell of the same atom[17]. J > 0, and it is responsible for Hund's rule of

highest multiplicity[15, 18]. When a shell is half �lled or l ess, all electron spins

point in the same direction. Further added electrons have sp ins pointing in

the opposite direction due to the exclusion principle[19–2 1].

Direct intersite exchange. Arising from an exchange of electrons between shells

of adjacent atoms. After very much controversy it is accepte d that J < 0[22–

24]. It induces antiferromagnetic ordering but J values are usually small

when compared with other types of exchange.

Stoner's exchange. Arising from an exchange of electrons within the conduction

band[25–29]. (J > 0) It tends to polarize the free electron gas of metals.

Most metals are not ferromagnetic due to the counter e � ect of the kinetic

energy, which is minimized when up- and down-spin states are equally

�lled. Under some conditions (end of this section) the excha nge interaction

can dominate[30, 31].

Double exchange in metals. Arising from an exchange of electrons between the

conduction band and incomplete atomic shells. This kind of e xchange was

considered by Zener[32, 33] to explain ferromagnetism in ir on, cobalt and

nickel and it was used by Heikes[34] in the understanding of t he Heusler

alloys. The conducting band is formed by the overlapping out er s shells.
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Hund's rule of highest multiplicity applies to an interacti on between elec-

trons in s and d orbitals as well as within the d shell. Due to the intra-shell

Hund's rule, each atom has a well de�ned moment but, in absenc e of interac-

tion between di � erent shells, these atomic moments are randomly oriented.

Let Sd be the average of these moments,Sc be the mean value of the spin

of the conduction ( c) electrons, and 
 the kinetic energy cost per atom of

polarizing the conduction band. Let JH be the Hund's exchange between

local moments and conduction electrons. Each conduction electron tries to

align the spin of the incomplete d shells in a direction parallel to its own

spin. If there were equal number of spin up and down in the cond uction

band the net e� ect on the d shell would be zero; but it is easily seen that the

total energy can be lowered aligning all the d shells and reversing some of

the anti parallel spins in the conduction band. This can be sh own in a very

simpli�ed classical picture. Taking as zero the unpolarize d state, the total

spin energy per atom is

Espin =
1
2

JBS2
d � JHSdSc +

1
2


 S2
c; (1.15)

where JB is the direct intersite exchange. For a given Sd, the minimization

with respect to the conduction spins gives

Espin =
1
2

�
JB � J2

H=

�
S2

d (1.16)

with Sc = JH=
 Sd. In this way the d shells of di � erent ions are coupled

through the conduction electrons. The e� ective coupling Je� = J2
H =
 � JB is

enhanced by lowering the conduction-electron density ( 
 / n
2
3 ).

Double exchange in ionic crystals. Arising from an exchange of valence states

between two cations of the same transition element. It takes place when a

cation, usually a transition metal at the right of Ti, have mi xed valence (C(n)+ ,
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C(n+1)+ ). The Hund rule of maximum multiplicity applies to the incom plete

shell of each cation. While hopping, the electron exchange between cations

will minimize the energy if the local moments are parallel. S o, this leads

to ferromagnetic alignment. In some cases, the distances between adjacent

cations are too large and the interaction is mediated by hopp ing through

anions (non-magnetic ligands of the oxygen group). It is cal led Double

Exchange[35–37]. This mechanism can be seen as similar to the exchange

described before, for elemental metals, in the sense that the conduction elec-

trons mediate the exchange between localized moments. The di� erence is

that the conduction happens through an ionic network which b ecomes con-

ducting when it is doped with an element which forces the mixe d valence.

Another point of view is to say that the cations have the same v alence (C(n)+ )

and the doping creates holes in the ionic network which is the n conducting.

Super exchange. Arising from an exchange of excited valence states of cations

of the same transition element. It has some similarities wit h the double

exchange but cation ground states have the same valence. Thesimultaneous

hopping of electrons from one cation to the ligand and from th e ligand to

another cation involve exited valence states. If cation shells are less than

half-�lled, Hund's rule favors ferromagnetic coupling. Th e direct exchange

of electrons between the temporarily un�lled ligands and th e cations also

favors the parallel alignment. If shells are half �lled or mo re than half �lled,

the direct exchange and the exclusion principle induce anti ferromagnetic

coupling. This mechanism is also called Anderson-Kramers Super Exchange

[38–41].



1.1. Overview on Magnetism 13

1.1.4 Minimal models and examples

The most simple but still useful microscopic model featurin g electron-electron

interaction is the Hubbard Hamiltonian[42–44]

Ĥ = � t
X

<i j>�

ĉy
i� ĉj� + U

X

i

n̂i" n̂i# (1.17)

which is obtained from (1.11) for a single band system and iso tropic nearest neigh-

bor hopping t. The Hubbard Hamiltonian has been used, for example, to mode l

Mott's insulating phase of High- Tc materials like La 2CuO4 where the Cu ion is

in a d9 con�guration and a half-�lled single band description is ap proximately

adequate for low energy excitations. This is the most reduced model featuring

Super Exchange.

Whilst neither the kinetic term nor the Coulomb term in the Hu bbard model

favor magnetic ordering independently, they cooperativel y do. On-site repulsion

favor local moment formation. Kinetic energy is minimized b y delocalization. For

electrons to delocalize they hop from one site to neighborin g sites and that implies

transitions through states of double occupancy. Therefore neighboring spins must

be opposite in order to satisfy the exclusion principle. Thi s antiferromagnetic

tendency can be seen in the strong coupling limit. When the on -site repulsion U

is the dominant energy scale, the lowest order perturbation expansion in t at half

�lling gives

Ĥ =
4t2

U

X

<i j>

Ŝi � Ŝ j: (1.18)

which describes a system of localized 1
2-spins with nearest neighbor antiferromag-

netic interaction. Eq.(1.18) is the Heisenberg model.
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Transition metal oxides (TMO) have been described by the d � p model[45],

Ĥ = � tpd

X

<i j>�

�
p̂y

i� d̂j� + h:c:
�

+ � d

X

i

n̂di + � p

X

i

n̂pi

+Upp

X

i

n̂pi" n̂pi# + Udd

X

i

n̂di" n̂di# + Vdp

X

<i j>

n̂pin̂dj: (1.19)

The conduction network in TMOs is formed by strongly hybridi zed 2p and

3d
x2� y2 orbitals. The d � p Hamiltonian contains, the hybridization tpd, on-site

energies (� p and � d), on-site repulsions (Udd and Upp), and inter site repulsion Vpd.

p � d model reduces to the Hubbard Hamiltonian when � d � � p � Udd. The strong

coupling limit at half �lling also maps the d � p model on to a antiferromagnetic

Heisenberg Hamiltonian for the spins on the TM-sites. This i nteraction between

TM-spins mediated by oxygen ligands is also a realization of the super exchange.

The antiferromagnetic tendency survive at small doping whe re either Hubbard

or d � p model are mapped onto the t � J model[45, 46]. The latter contains

the antiferromagnetic Heisenberg term plus a restricted ho pping term excluding

double occupancy.

Mn and Co compounds like R 1� xA xMnO 3, with R being a rare-earth metal and

A a (2+)-metal cation, are examples where ferromagnetism has been explained

by the double exchange mechanism[35–37]. In the metallic phase the crystal �eld

split the d-states of the Mn3+ in t 2g and eg. t2g bands are occupied by three electrons

where the spins are aligned according to Hund's rule and can b e consider as

localized due to the weak hybridization with oxygen 2 p states. The remaining

electrons are in the eg strongly hybridized with O 2 p and are itinerant when the

system is hole doped (x > 0). The model Hamiltonian can be written as

ĤDE = � t
X

<i j>�

ĉy
i� ĉj� � JHund

X

i

Ŝi � �̂ i: (1.20)

ĉy
i� (ĉi� ) are the creation (annihilation) operators of the itineran t electrons, Ŝi their
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spins and �̂ i the localized spins. Itinerant electrons are coupled to the localized

spins by the (on-site) Hund's exchange JHund . If the local spins are disordered, eg

electrons will �ll higher energy when hopping to a site with o pposite local spin.

Therefore, the e� ective hopping integral will depend on the relative orienta tion

of neighboring spins and the gain in kinetic energy will favo r the ferromagnetic

alignment. When x ! 0 the metallicity is lost, Jahn-Teller distortions appear

breaking the degeneracy of the d-states and favoring low-spin con�gurations 3.

These distortions favor antiferromagnetic and orbital ord erings which dominate

in the insulating regime. A Hamiltonian similar to (1.20) co uld be used as model

for describing Ferromagnetism in elemental metals featuri ng doble-exchange; the

di � erence being that ĉy
i� (ĉi� ) were the creation (annihilation) operators of the s-

electrons of the metal conduction band.

In materials with no local moments, itinerant magnetism is s till possible as a

consequence of Stoner's exchange. Two basic ferromagnetictransitions has been

discussed on this line; one due to Stoner[26] and the other predicted by Bloch[30].

Stoner's simplest model consists of a narrow conducting ban d. When the density

of states at the Fermi level is large enough to satisfy JD(EF) � 1, the paramagnetic

phase becomes locally unstable and there is a continuous transition to a polarized

phase. This transition could be preempted, becoming �rst or der (Bloch). Bloch

transition was predicted to occur in the free-electron gas w hen its density is low

enough, such that the exchange energy gained by polarizing t he gas overcomes

the increase in kinetic energy. The existence of this state has been controversial

since it requires electron densities lower than 1020 cm� 3[29]. This density is well

below values in common metals. At slightly lower densities, the Wigner-crystal

phase[29, 47–49] competes and the system can undergo an electron localization.

At such small densities, the charge screening is less e� ective and Anderson's

localization[50] is also likely to occur for rather low impu rity concentrations. More

3The TRUE Jahn-Teller system does not pro�t from spin pairing but from unequal occupancy of
degenerate states, i.e. copperd9 distorts from the octahedron without changing spin multipl icity.



16 Chapter 1. Introduction

recent studies have raised the range of densities at which the ferromagnetic phase

is predicted[9, 31, 51].

On this way, calculations have predicted polarized ground s tates in some mate-

rials like Cs4O6[52–54]. Some of these, predicted as half-metals (conducting in only

one spin direction), have drawn attention to themselves for applications in spin-

tronics4. Z. Fisk, H. -R. Ott et al[55–58] proved the saturation moment in La-doped

CaB6 and similar compounds peaked at a doping of 0.005 La per formu la unit,

reaching a value of � 0:07� B per added La. The main e� ect of the doping was the

tuning of the electron gas density. The conclusion that the w eak ferromagnetism

with Tc = 600 K observed in ÆB6, was a manifestation of the polarized electron

gas, was supported by the fact that these compounds were considered bad metals,

with a small overlap of the B 6-derived valence band and metal derived valence

band, due to electron-hole Coulomb e� ects. More recent calculations proved the

ÆB6 are semiconductors and the observed magnetism seems to occur due to a

Stoner instability, either in the La-impurity band at the me tallic side of a metal

insulator transition[59, 60] or in the peak of the density of states formed by gap

states related to B-vacancies (or substitutions)[61].

Whether main group compounds (systems without local moment s) can develop

magnetic ordering remains an open subject. E� ects of impurities in non-magnetic

metals can also lead to interesting physics. Anderson's imp urity model[62] is a

pioneering theoretical work on this line, consisting in a me tallic s-band hybridized

with a single d-impurity.

1.2 Zintl Phases.

Zintl phases (ZP) are main-group compounds which, accordin g to their composi-

tion and properties, are between valence compounds and semimetallic elements.

4As yet, not enough success has been achieved in experiments for this to be practical.
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Semimetals are found around a line between boron and bismuth in the periodic

table. The classic ZP is formed by alkaline (A) or alkaline-e arth (Æ) metals5 to-

gether with one or more of the p-elements which are metallic, semi metallic or

semiconductor (Ga, In, Tl, Si, Ge, Sn, Pb, As, Sb, Bi)[1]. They were named after

Edward Zintl who made the �rst steps in the rationale of these structures [63–66].

According to Zintl, these materials can be understood in a fo rmal ionic model

describing the overall chemical bonding patterns. Most ele ctropositive metal

atoms form closed shell cations as a consequence of a complete transfer of the

valence electrons to lower lying states centered on the electronegative atoms. The

latter will accommodate the structure in a similar way to the resulting isoelec-

tronic atom[2, 4–6, 67–72]. The resulting structure contains isolated cations and

oligomeric or meric anions (Zintl anions). In the synthesis of these compounds,

very often a volume contraction is observed, which is consis tent with transfer

of electrons into more contracted states and thus formal cation formation. The

anions can form 0-D, 1-D, 2-D or 3-D networks. Cations are seen as a template

whose main role is the electrostatic stabilization whilst Z intl anions determine

the electronic structure[73–76]. Zintl's idea together wi th basic electron counting

rules have helped in the consistent understanding of the sto ichiometry, structure

and properties of these type of compounds. ZP are semiconductors; they have

relatively high melting points, are brittle and diamagneti c.

In the last decades, a great variety of Zintl compounds have b een synthesized

under inert atmosphere. For example, looking only at binary systems composed

by alkaline earths and silicon, one �nds an extensive list in cluding BaSi2, Ba3Si4,

BaSi, Ba5Si3, Ba2Si, Sr4Si7, SrSi2, SrSi, Sr7Si, CaSi2, CaSi, Ca3Si4, Ca14Si19, Ca5Si3

and Ca2Si[77]. Ternary phases are even more diverse[78, 79]. As expected from

the formula unit of some of these materials, the elements can not be in their

most stable and naturally found oxidation states, therefro m their high reactivity

5Some compounds, which also contain rare-earth elements, are considered Zintl phases.
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with air and water. On this same line one could also suspect un usual electronic

properties, a reason for which their study is worthwhile[80 ]. Actually, some Zintl

compounds which contain planar silicon chains, have been fo und to exhibit metal-

lic properties[81] with a very weak temperature independen t paramagnetism. Yet,

their transport properties are determined by the Zintl anio n substructure. There-

fore, they have been called generalized Zintl phases.

1.2.1 Alkaline-earth silicides

Fig. 1.1: Perspective view along c axis of the crystal structure of alkaline-earth silicides o f
composition ÆSi. Silicon atoms in grey and metal atoms in bla ck

Alkaline earth monosilicides (ÆSi) with Æ = Ca, Sr and Ba have recently called

attention as possible candidates for hydrogen storage[82]. In the pure phase they

crystallize with the CrB structure; space group CmcmN � 63 [83–85]. The silicon

substructure ful�lls the geometrical conditions for a six v alence electron species,

i.e. sulfur. Si2� anions form eclipsed zigzag chains, 1
1 [Si2� ], and Æ2+ cations are

isolated; meaning that silicon derived bands may be conside red to be full. Silicon

chains run along the crystallographic c-direction, di � erent chains being stacked

in the a-direction. It can be seen as a layered structure where Æ cations sit in an

alternate fashion at both sides of each layer, inside squarepyramids, whose bases
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are alternating anions of two neighboring chains. The pyram id tip is occupied by

an anion of the next layer since two consecutive layers are glided in 1
2
~a.

Table 1.1: Some structural measures of the alkaline-earth and IIIB-gr oup metal silicides.

Z is the number of formula units (f.u.) in the unit cell

Formula Space Z Cell Constants Cell Vol. Si–Si bond Si-Si-Si Mass/mol f.u.

Unit Group a (Å) b (Å) c (Å) (Å 3) dist. (Å) angle ( � ) (g)

CaSi[86] Cmcm 4 4.559 10.731 3.890 190.33 2.455 104.8 68.16

SrSi[87] Cmcm 4 4.816 11.303 4.039 219.86 2.492 108.2 115.7

BaSi[87] Cmcm 4 5.043 11.933 4.139 294.11 2.502 111.6 165.41

ScSi[88] Cmcm 4 3.988 9.882 3.659 144.20 2.431 97.6 73.04

YSi[88] Cmcm 4 4.251 10.526 3.826 171.20 2.292 113.13 116.99

LaSi[89] Pnma 4 8.404 4.010 6.059 204.19 2.474 108.30 166.99

Si–Si–Si angles along the chains �t well to a sp3 hybridization[82]. Two of the

sp3 hybrids form the � -bonds of the zig-zag planar chain and the other two, lone

pairs. Another accepted interpretation of the structure is a sp2 hybridization of the

silicon 3rd shell. The third hybrid holds a lone pair pointing at a cation and the

non-hybridized p holds another lone pair. The shortening of the angle between

the chain bonds is believed to be due to the steric repulsion created by the lone

pairs and the planarity can be indicative of electron de � cit.

As other compounds with in�nite silicon chains, ÆSi seem to h ave high electric

resistivity but with a positive and constant temperature gr adient. Their magnetic

susceptibility at moderate temperatures seem to have a paramagnetic contribution,

and unexpected steps and irreversibility are observed in th eir � vs Tgraphs[82, 90].

Studies of electronic structure has been done on several alkaline-earth silicides[91,

92] but there is, to our knowledge, no complete investigatio n of the properties of

the phases with 1/1 composition.



20 Chapter 1. Introduction

1.3 Organization of the manuscript

Chapter 2 is dedicated to the analysis of the results from our measurem ents of

isothermal susceptibility of ÆSi, ScSi, YSi and LaSi.

Chapter 3 describes the theoretical methods used in this work for stud ying

electronic structures and properties. It includes the form ulation of thermodynamic

potentials from quantum statistics of electrons, and two ap proximated methods

for decoupling the electron interaction: Hartree-Fock (HF ) and Density Functional

Theory (DFT). Within the description of DFT, we present the m ethod of “Tight-

Binding Linear-Mu � n-Tin-Orbitals in the Atomic-Spheres-Approximation” (TB -

LMTO-ASA) and the Plane-Waves Pseudopotential method (PWP S).

The electronic structure of alkaline-earth silicides and e arth-silicides, obtained

from �rst-principles DFT calculations, are presented in Chapter 4.

Chapter 5 presents a partial study of the magnetic phase diagram of a mi nimal

tight binding model for a two- bands-two-electron system, d epending on the

electron-electron interaction and inter-band splitting. A section 5.2 is included,

in order to explain brie�y the code built for solving the HF eq uations at �nite

temperature.

The calculations of electronic structure, which help us to s olve the uncertainty

about the crystallographic positions of aluminum and silic on in Ca[AlSiN 3] and

Ca5[Si2Al 2N8], are presented in Chapter 6.

Complementary tables and mathematical details are in Appendix A and Ap-

pendix B , respectively. Events, publications and preprints where p arts of this

work have been presented are listed in Appendix C .



2. Magnetic susceptibility of ÆSi (Æ

= Ca, Sr, Ba) and ESi (E= Sc, Y, La)

from SQUID measurements

When you play with the devil strange magnetic things happen

A. R.

2.1 General settings

The study of the magnetic response of CaSi, SrSi, BaSi, YSi, ScSi and LaSi is

presented in this chapter. The measurements were done with a Superconducting

Quantum Interference Device (SQUID) from Quantum Design 1. The SQUID has

a superconducting magnet which can operate an applied �eld u p to 5 T and

measures moments (m) as low as 10� 8 emu (10� 11 Am 2) in a temperature range

from 1.9 K to 300 K. For more details of the operation of the dev ice, see reference

[12].

We have used a scan2 of 3 cm. The magnetic moment reported in every mea-

surement is the average of three scans and every point of eachscan is measured

ten times. Over all the measurements the standard deviation of the moments are

two or more orders of magnitude smaller than the average valu es. Measurements

are reliable when the moment is larger than 10 � 8 emu for temperature scans but

two orders of magnitude higher (10 � 6 emu) over �eld loops.

Generally, a detailed scan of M as a function of (H, T) is necessary to unequivo-

1Magnetic measurements were done in house by C. Mensing.
2The sample, being much smaller than the length of the second-order detection coil, is moved

along the axis of the latter, which detects the change in the magnetic induction produced by the
sample. The length of this scan has to be larger than the sample size, but short enough to avoid
unhomogeneities of the applied �eld.

21
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cally characterize a substance. We took the choice of a temperature loop spanning

from 2 K to 300 K at 100 Oe, 1000 Oe, 10000 Oe and 50000 Oe. For those crystals

which gave a signal well above the noise, a T-loop at 10 Oe was also done. Before

starting every cycle, the sample was heated and cooled witho ut �eld; then the

�eld was turned on and the measurements were done while heati ng from 2 K to

300 K and while cooling back to 2 K. These two tracks are labeled ZFC (Zero-Field

Cooled) and FC (Field Cooling) respectively. The SQUID is mo re time-e� cient if

measurements are done whilst warming; therefore in some cases, after the ZFC is

done, the sample was cooled in the �eld and was measured durin g the warming

up. In those cases the abbreviation FC means Field-Cooled. When changes in

the temperature dependence of the magnetic moment were foun d in a tempera-

ture scan, �eld loops were made at temperatures below and abo ve each value at

which a change occurred. Some loops were run from -50000 Oe to50000 Oe and

in most of the cases from -2000 Oe to 2000 Oe with a higher density of points in

order to have more accurate information about the remanent m agnetization and

the coercive �eld.

The larger Zeemann to thermal energy ratio achieved during t he measurements

(for a �eld of 5 T at a temperature of 2 K), was
� BB

kBT � 1. Therefore, a common

paramagnetic, diamagnetic or antiferromagnetic material , is expected to show a

linear response (i.e. moment to �eld ratio should be indepen dent of the �eld value)

over the whole range of temperature and magnetic �eld. Non-l inear behaviour

can only occur due to the presence of a net magnetic moment (ferromagnetism or

ferrimagnetism). The experimental values reported as magn etic susceptibilities

� are the ratio of the magnetic moment per mole to the applied �e ld. This only

coincide with the derivative of the magnetization with resp ect to the �eld in the

linear regime. When the coupling between the spins becomes relevant and a

transition with moment formation occurs, the derivative of the magnetization

diverge at the transition temperature whilst the ratio only have discontinuous
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derivative since the ratio behaves as the moment.

All the samples were elaborated in house by collaborators 3 and composition

analysis were done by di � erent methods; including X-ray di � raction, Laser Ab-

lation Inductively Coupled Plasma Mass Spectrometry (LA-I CP-MS) on single

crystals and Energy Dispersion X-ray spectroscopy (EDX). The possible role of

impurities will be discussed at the end of the chapter when th e results of the

measurements are summarized.

2.2 CaSi
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Fig. 2.1: CaSi magnetic susceptibility.

3The �rst evidences of magnetism in these compounds were foun d in routine measurements
performed on samples synthesized by M. M. Armbruster and E. D . Ward during their doctoral
works. Most of the samples used in this study were synthesize d by Dr. S. Budnyk.
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Fig. 2.2: CaSi molar magnetization vs. magnetic �eld up to 5 Teslas at 70 K

The measurements of CaSi, which are shown here, were done on single crystals

of 10.5 mg and 20.2 mg. The signals from the temperature scan with H = 100 Oe

were above 8� 10� 7 emu which is above the exactitude limit. The signal for H = 10

Oe was too weak to be considered for the study.

Fig. 2.1shows the results of the temperature loops at four di � erent �elds. In the

upper left panel there is an in-set with a blow-up of the same p lot for small values;

and since all plots are quite similar, the lower right panel o nly shows the values

around 75 K for the corresponding �eld. An irreversible beha viour is evidenced

in all the panels by the di � erence between the measurements during heating and

cooling. There is a clear change in the derivative at approxi mately 75 K and it is

also at this point that the ZFC and the FC curves clearly split . The blow-up in the

�rst panel shows that this splitting, although smaller, per sists at least up to room

temperature and it is of about 1 :9 � 10� 7 emu at 100 K for the �eld of 1000 Oe.

The splitting becomes small for higher �elds, as usual, due t o the saturation of the

net magnetic moments. In a large scale view the response is rather temperature

independent above 75 K but increases about 20 times between 75 K and 2 K. At

300 K in the high �eld limit � � 10� 5 cm3� mol � 1.

Fig. 2.2shows a �eld loop at 70 K from -5 T to 5 T. The high �eld limit is a s traight
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Fig. 2.3: CaSi molar magnetization vs. magnetic �eld

line with positive slope, in agreement with a metallic param agnetic behaviour.

Nevertheless, the extrapolation to the origin from negativ e and positive sides

mismatches. The curve bends at the origin suggesting some non-linear response.

In order to have a closer look at this, �eld loops were repeate d covering only values

up to 2000 Oe with a higher density of points.

The magnetization over the �eld loops between -2000 Oe and 2000 Oe are

shown in Fig. 2.3. An in-set has been made in every panel showing the magni-

�ed data around the origin. The curves are very similar at all temperatures with

a slight decrease in the slope of the high �eld limit in accord ance with a weak

T-dependence of the susceptibility. Two relevant magnitude s, the remanent mag-

netization and the coercive �eld, also decrease when the tem perature is increased.

A non zero remanent magnetization ( M at H = 0) and coercive �eld (�eld neces-
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sary to revert the magnetization) are evidence of coupling b etween the spins. The

coercive �eld is very small ( � 100 Oe). 1 emu per mole is equivalent to a di� erence

of spin-up and spin-down electrons of 1.79 � 10� 4. The total moment at H = 0 is

of approximately 1.2 � 10� 5 emu. This value, although very small in comparison

with those of common ferromagnets and ferrimagnets, is well above the precision

limit of the SQUID. This means that the di � erence between number of electrons

with spin up and down, per formula unit, is jn" � n#j � 0:5 � 10� 5.

2.3 SrSi

The following measurements were done on a single crystal of 1 9.7 mg. The signal

at a �eld of 10 Oe was at the margin of exactitude and therefore must be discarded.

For 100 Oe, the moments measured were above 5:5 � 10� 7 emu.

Strontium silicide has a rather weak response of the order of 10� 4 cm3� mol � 1;

the temperature scans at di� erent �elds are shown in Fig. 2.4. Above 75 K the

susceptibility can be taken as temperature independent and it is negative, � 6� 10� 5

cm3� mol � 1, showing a dominant diamagnetic component. This is the diam agnetic

contribution coming from cores and bonds but it can also cont ain a small positive

contribution from the Pauli susceptibility of a low density of conduction electron.

Comparing the four panels one can also see that it does not depend on the magnetic

�eld, which indicates that the response is linear.

Below nearly 75 K the response becomes positive and the ZFC and FC lines

split, indicating non-linear behaviour and suggesting tha t there is a formation

of a net magnetic moment. The in-set in the upper-right panel is a blow-up of

the high temperature region. The curves above 78 K are perfectly overwritten

and, reading from the data source, one can see the di� erence is at the noise level.

Another interesting feature is the cusp at 35 K. Usually this is related to the

on set of antiferromagnetic order. However, ZFC and FC curve s coincide for
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Fig. 2.4: SrSi magnetic susceptibility.

antiferromagnets and do not change with the �eld. From this, one can speculate

about the competition of several exchanges interactions.

Apparently, there is another small step-up at a temperature above 75 K which

moves toward lower temperatures when the �eld is increased. This jump is due

to the di � culty in the automatic centering done by the SQUID when the si gnal

crosses the zero value.

The �eld loop at 100 K shows an almost clean and linear diamagn etic behaviour.

Only at very low �elds the line is bent and the slope becomes po sitive. This should

be due to a small net magnetic moment which saturates. A small hysteresis seems

to open but the remanent magnetization is very small, corres ponding total moment

of nearly 5� 10� 7 emu which is under the exactitude limits. This is consistent with

the coincidence of the ZFC and FC lines in Fig. 2.4. The high �eld limit at 100 K
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Fig. 2.5: SrSi molar magnetization vs. magnetic �eld

gives a background diamagnetic component with a susceptibi lity of � 0:1 � 10� 4

cm3 � mol � 1. The �eld loop at 40 K is di � erent. The positive response at low

�elds remains up to nearly 15000 Oe, where it saturates and fr om there on the

slope becomes negative. This larger value of the saturation also suggest that there

is magnetic moment formation between 100 K and 40 K. The magnetic moment

at zero �eld is of nearly 10 � 6 emu which is still in the con�dence limits of the

instrument.

2.4 BaSi

Measurements shown here were done with a BaSi single crystal of 25.2 mg. The

signals from this sample were well in the range of detection a nd even for the �eld

of 10 Oe the measured magnetic moments were above 6:4 � 10� 6 emu.

� vs T recorded at four values of the H is shown in Fig. 2.6.

Comparing the curves of the �ve panels one sees that the response is non-

linear with respect to the applied �eld all over the range of t emperature. For

high temperatures, it goes from positive to negative as the � eld is increased,

too. From that one can infer that there is a small net moment th at is saturated

and the diamagnetic component dominates at large �elds. Ano ther evidence of
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Fig. 2.6: BaSi magnetic susceptibility.

non linear response is the splitting of the ZFC and FC curves w hich is visible

below 100 Oe and disappears for larger applied �elds. Around 75 K there is

a jump in the susceptibility and for temperatures below, the splitting is more

pronounced. Around 30 K there is a cusp apparently of an antif erromagnetic

transition. However, the response of antiferromagnets is l inear and therefore,

competing exchange interactions seem to be simultaneously present.

Curves of magnetization vs. �eld are shown in Fig. 2.7. At T=100 K it is

a rather straight line for large �elds as normal paramagnets but the non-linear

behaviour is evidenced by the o � set at zero �eld with opening of the hysteresis at

small �elds. Below 75 K (at 40 K and 20 K) the magnetization beh aves clearly non

linear over the whole range up to 5T. It has larger values than the corresponding
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Fig. 2.7: BaSi molar magnetization vs. magnetic �eld

at 100 K and they are not proportional to the �eld. At T = 40 K the slope is larger

at the origin and decreases toward a constant. For T = 20 the �eld dependence of

the magnetic moment is highly no linear. A formation of local moments seems to

occur at 75 K. The detailed plot at 100 K, in the lower-right pa nel, shows that the

coercive �eld is nearly 100 Oe and the remanent magnetizatio n is � 0:067 emu �

mol � 1 (a moment of 10� 5 emu). It corresponds to jn" � n#j � 1:2 � 10� 5 per formula

unit.

At the highest temperature of the experiments and at larger � elds, when the net

magnetic moment is nearly saturated and the diamagnetic com ponent dominates,

the upper bound of the susceptibility is � 0:25� 10� 4 cm3� mol � 1.
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2.5 ScSi

For the measurements shown here we used a single crystal of 20.1 mg. The

corresponding graphs for 100 Oe , 1000 Oe, 10000 Oe and 50000 Oe are shown in

Fig. 2.8.
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Fig. 2.8: ScSi magnetic susceptibility.

The ZFC and FC curves split below 75 K. In order to see whether t his splitting

persists above 75 K an in-set has been included in every panelwith a blow-up of

the high temperature part of the each graph. As seen, it is ver y small and actually,

it can be considered as zero since it lays in the margin of the standard deviation.

The error bars have not been included in the plot for the sake o f readability.

Above 100 K the susceptibility depends weakly on the tempera ture and decreases

slightly when the �eld is increased. It indicates that there is a dominant Pauli
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paramagnetism, as expected for a metal, but the weak �eld dep endence suggest

the presence of a very small net moment.
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Fig. 2.9: ScSi molar magnetization vs. magnetic �eld up to 5 Teslas at 300 K

Fig. 2.9 shows the magnetization vs �eld over a large loop from -50000 Oe

to 50000 Oe at room temperature. It is a straight line typical of a paramagnetic

material but at very low �elds the curve bends indicating the contribution from a

net moment which is saturated around 5000 Oe. The asymptotic slope is 0:2� 10� 4

cm3 � mol � 1) in agreement with the values near 300 K in the temperature scan at

50000 Oe. This is the net background from electron gas and from the diamagnetic

contribution of the cores.

The �eld loops between -2000 Oe and 2000 Oe are presented inFig. 2.10. The

plots at 20 K and 40 K (both sides of the cusp at 35K) are almost identical. Similarly,

the di � erences between plots at 100 K and 300 K are very small. So, from the point

of view of moment formation, the relevant changes occur arou nd 75 K.

In all plots, the in-sets show in detail the data around zero � eld. Although

apparently the hysteresis loops opens, the values of the total moment measured

at zero �eld (from which the remanent magnetization is obtai ned) are close to the

exactitude limits, around 2 :5 � 10� 6 emu with a standard deviation of the order of

10� 8 emu. The coercive �eld from the �rst two panels seems to be bet ween 30 Oe
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Fig. 2.10: ScSi molar magnetization vs. magnetic �eld

and 50 Oe. The signals of the last two panels are weaker and area� ected by the

limitations of the device. It can be appreciated in the not so smooth appearance of

the lines.

2.6 YSi

Susceptibility vs T plots are shown for a single crystal of 35 mg in Fig. 2.11for 10

Oe, 100 Oe, 1000 Oe and 10000 Oe.

This sample exhibits, like the others, a step-up around 75 K and a small cusp

near 35 K. There is another cusp at 10 K which is only visible in the plots at 10

Oe and 100 Oe. The moment to �eld ratio decreases with the �eld ; this non-linear

response indicates the presence of some spin coupling. The splitting of the ZFC



34 Chapter 2. IIA- and IIIB-Metal silicides. Experiments

0 100 200 300
T [K]

0.4

0.5

0.6

0.7

0.8

0.9

1.0

c m
ol
 [1

0-3
cm

3 ·m
ol

-1
]

H =  10 Oe ZFC
H =  10 Oe FC

YSi

0 50 100
0.5

0.7

0.9

0 100 200 300
T [K]

0.2

0.4

0.6

0.8

1.0

1.2

c m
ol
 [1

0-3
cm

3 ·m
ol

-1
]

H =  100 Oe ZFC
H =  100 Oe FC

YSi

0 100 200 300
T [K]

0.2

0.4

0.6

0.8

1.0

c m
ol
 [1

0-3
cm

3 ·m
ol

-1
]

H =  1000 Oe ZFC
H =  1000 Oe FC

YSi

0 100 200 300
T [K]

0

0.2

0.4

0.6

0.8

1.0
c m

ol
 [1

0-3
cm

3 ·m
ol

-1
]

H =  10000 Oe ZFC
H =  10000 Oe FC

YSi

225 275
0

0.05

0.1

Fig. 2.11: YSi magnetic susceptibility.

and FC curves persists up to room temperature. At 10000 Oe the splitting is not

visible indicating that the polarization is saturated. At t he moderated �eld of

10000 Oe, the room temperature moment to �eld ratio tends to a limiting value of

0:5 � 10� 4 cm3 � mol � 1.

The plots of magnetization vs �eld are shown in Fig. 2.12. The response is

positive but no linear in agreement with the observed trend i n Fig. 2.11. From the

asymptotic slope, there seems to be a paramagnetic background. The opening of

a hysteresis is also indicative of the presence of a net magnetic moment.

The low �eld behavior is shown in the in-sets. The coercive �e ld and the re-

manent magnetization are 75 Oe and 0:03 emu� mol � 1 respectively. This remanent

magnetization corresponds to a moment of 1 :2 � 10� 5. The saturation moment of

about 2:5 � 10� 5� B per formula unit almost does not change from 25 K to 300 K.
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Fig. 2.12: YSi molar magnetization vs. magnetic �eld

Therefore, the critical temperature corresponding to the f ormation of this moment

lays above 300 K.

2.7 LaSi

Following graphs correspond to measurements done with a sin gle crystal of 23.7

mg weight.

The ration of the magnetic moments to the applied �eld as a fun ction of tem-

perature is shown in Fig. 2.13for 100 Oe, 1000 Oe, 10000 Oe and 50000 Oe. Above

75 K, the moment to �eld ratio is temperature independent and also almost inde-

pendent of the �eld. However, below 75 K the response changes its temperature

dependence and becomes �eld dependent; ZFC and FC curves split apart. This
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Fig. 2.13: LaSi magnetic susceptibility.

sample also shows a cusp at nearly 35 K typical of antiferroma gnetic coupling. The

paramagnetic background, extracted from the high temperat ure values at 50000

Oe is � 0:8 � 10� 4 cm3 � mol � 1.

The �eld loops are shown in Fig. 2.14. Detailed analysis show that they are not

straight lines but they approach to straight lines for high � elds. This asymptotic

behaviour with a positive slope arises from the metallic par amagnetic background.

The average slope is similar for 10 K and 40 K, decreases when the temperature

is raised to 100 K and further changes from 100 K to 300 K are small. It is an

indication that a change in local moments happens around 75 K .

The blow-ups of the data around the origin are shown in the in- sets. Although

the coercive �eld is apparently non-zero from the crossing o f the curve with the
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Fig. 2.14: LaSi molar magnetization vs. magnetic �eld

zero line, one can not conclude any opening of hysteresis since the moments

measured between these values of the �eld and the zero �eld ar e below 1:3 � 10� 6

emu at 10 K and below 1:0 � 10� 6 emu at 300 K. The illusion that the coercive �eld

increases with the temperature is an artifact produced by th e fact that when the

temperature is increased, the values of the moment at higher �elds enter in the

uncertain region. The saturation moment is very small and do es not change over

the temperature range investigated. This can be due to ferromagnetic impurities,

since there is no apparent reason for an intrinsic polarizat ion at high temperature

coexisting with a strong paramagnetic background.
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2.8 Summary of the results

Table 2.1: Some data of magnetic susceptibility. The numbers in square brackets are the

susceptibilities of the corresponding metals (Ca, Sr, ... La) at ambient temperature. The

saturation moments MS were obtained from the hystereses after subtracting the par amag-

netic background. The superscripts (un) and (ab) mean under and above 75 K respectively.

� of Si is � 1:2 � 10� 5 cm3 � mol � 1. ? denote cases where no reliable data were achieved.

MSi 104 a MRem f.u. M (un)
S per f.u. M (ab)

S per f.u.

( cm3 � mol � 1) (10� 5� B ) (10� 5� B ) (10� 5� B )

CaSi 0.1 [0.4] 0.6 2.69 2.15

SrSi -0.6 [0.9] <0.09 ? 16.11 <0.08

BaSi -0.25 [0.2] 1.2 196.90 15.22

ScSi 0.2 [2.9] � 0.1 ? � 1.60 � 1.61

YSi 0.5 [1.9] 0.6 2.86 2.41

LaSi 0.8 [1.0] � 0.1 ? � 1.87 � 0.17 ?

Table 2.1 summarizes some data. a is the asymptotic slope of the M vs H plot for

high temperature. It is non zero when there is a para or diamag netic component

either intrinsic or from impurities. The saturation moment (MS) is the limiting

value for large magnetic �elds after subtracting possible p ara or diamagnetic

contributions. MS is history independent and di � ers from zero for ferromagnetic

or ferrimagnetic materials, below the ordering temperatur e.

Values of a for the earth metal silicides are larger than those of the alk aline-

earth silicides. At �rst sight, it could be attributed to the unpaired electrons in

the d orbital. However, if these electrons were localized at the i on positions, they

should give a larger contribution of the Curie type. The smal l values and weak

temperature dependence suggests that thesedelectrons are rather delocalized. The

ratio � (TMin ) to � (TMax) is nearly 15, 20 and 5 for ScSi, YSi and LaSi respectively,
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whilst for local moments it should be 100 (between � at 3 K and � at 300 K).
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Fig. 2.15: Inverse of the susceptibility under a �eld of 1000 Oe

In a � � 1 vs T plot, the Curie-Weiss law takes the form of a straight line wi th a

slope equal to the inverse of the Curie constant. If there is a (anti)ferromagnetic
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transition, Tc is obtained from the extrapolation as a straight line, of the curve above

the transition. Tc corresponds to the (absolute value of the) intercept with th e T-

axis. If there is also a T-independent contribution ( a), the graph is an hyperbolic

curve of the form y = x� Tc
C+a(x� Tc) . � � 1 vs T is shown in Fig. 2.15 for H = 1000 Oe.

The estimated a has been subtracted in each case. With the exception of SrSi,a

values (Table 2.1) are smaller than actual values as can be seen from the downward

bending of the curve. For SrSi the aestimated is an upper bound.

SrSi and BaSi have negativea. According to four point van der Pauw resistivity

measurementsTable 2.2[82] ÆSi are not semiconductors but bad metals. � values

are very high for a typical metal but � vs T dependence is linear (see p. 91 of

ref.[82]) with positive slope, for the three ÆSi.

Alkaline-earth and earth metals are paramagnetic at room te mperature (see

Table A.2 ). The a value �tted for every silicide is lower than the susceptibil ity of

the metal. It is understood as a consequence of the loss of conduction electrons by

localization and pairing at the silicon bonds. It is in quali tative agreement with

the � values of the silicides being larger than those or the metals by two or more

orders of magnitude (see Table 2.2).

Table 2.2: Resistivity of metals and MSi at room temperature. For Si � = 10� 1
 � cm. ?

denotes unknown.

Material Resistivity 1
�

� �
� T Material Resistivity

(10� 4
 � cm) (K� 1) (10� 4
 � cm)

CaSi 0.618 0.0001 Ca 0.034

SrSi 127.6 0.004 Sr 0.13

BaSi 68.2 0.004 Ba 0.35

ScSi ? ? Sc 0.55

YSi ? ? Y 0.56

LaSi ? ? La 0.61



2.8. Summary of the results 41

Saturation moments have been extracted from �eld loops belo w and above

75 K. For ScSi and LaSi, the source data was too close to the resolution limits of

the instrument. For CaSi and YSi, MS changes very little across 75 K. For BaSi, it

changes by one order of magnitude and is by far the largest of a ll. For SrSi, MS

decreases more than 200 times when crossing the 75 K, being between the values

for Basi and Casi below 75 K but e� ectively vanishing above this temperature. It

is in qualitative agreement with the irreversibility obser ved in BaSi, CaSi and YSi

over the whole range of temperature and the weak irreversibi lity of SrSi up to 75

K.

In a � vs T� 1 plot, T-independent paramagnetism is shown as a horizontal

line and Curie-Weiss law is shown also as straight line; the s lope of y vs x is the

Curie constant. Deviations from the straight lines occur wh en x approaches T� 1
c

(y = Cx
h

1
1� Tcx

i
+ a) and look like kinks upwards given by the factor in square

brackets. When the data aboveTc is extrapolated as a straight line, the intercept

with the y axis (a) gives Pauli's component of the susceptibility.

Fig. 2.16shows the graphs � vs T� 1 for the FC-curves at H = 1000 Oe. A break

has been set in thex-axis at 100 K (0.01 K� 1 in the plot units) in order to adjust

the scale and make visible the high temperature part (left ha lf of the x-axis) which

would be otherwise very contracted. The range from 0.003 to 0 .01 corresponds to

going from the 333 K to 100 K. The range between 100 K and 10 K is contracted in

the kink between 0.01 and 0.1. So, about the transitions one only see the height of

the jump. The low temperature part (below 10 K) is transforme d onto 0:1� 0:5. The

range in between (excluding) the jump at 75 K and the kink at 35 K, is shown in

Fig. 2.17. For CaSi,� develops from a temperature independent behaviour under

T� 1 < 0:01 to a regime with increasing moment. For the other �ve compo unds, �

vs T� 1 linear �ts have been done for each graph for the intervals 2 K t o 10 K, 40 K

to 60 K and 100 K to 300 K; results of the �ts are shown in Table. 2.3 and Table.

2.4. Experimental values for the six compounds fall perfectly o ver the best �tted
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lines as if they had a superposition of Curie and Pauli parama gnetism in each of

the three intervals. This is surprising since below Tc, � vs T� 1 dependence is not

necessarily linear.

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

CaSi at H=1000 Oe

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

SrSi at H=1000 Oe

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

BaSi at H=1000 Oe

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

ScSi at H=1000 Oe

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

YSi at H=1000 Oe

0.004 0.008 0.2 0.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

m
o

l

 (
1

0

-3

 c
m

3

 m
o

l

-1

)

T

-1

 (K

-1

)

 ZFC

 FC

LaSi at H=1000 Oe

Fig. 2.16: Susceptibility vs inverse temperature under a �eld of 1000 Oe
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Table 2.3: Slope (C) of the linear �t of � vs T� 1 and the corresponding e� ective moment in

the three intervals separated by the two transition points. C is given in units of 10 � 2 cm3�

mol � 1� K and mE� in Bohr magnetons

MSi 300 K to 100 K 60 K to 40 K 10 K to 2 K

C mE� C mE� C mE�

CaSi 0:000� 0:001 0.000

SrSi 0:256� 0:004 0.143 0:215� 0:004 0.130 0:00997� 0:00008 0.028

BaSi 0:952� 0:005 0.275 1:954� 0:029 0.394 0:01480� 0:00010 0.034

ScSi 0:174� 0:002 0.118 0:204� 0:002 0.127 0:04290� 0:00050 0.058

YSi 0:352� 0:002 0.167 0:324� 0:004 0.160 0:13100� 0:00050 0.102

LaSi 0:236� 0:003 0.137 0:255� 0:005 0.142 0:01619� 0:00004 0.036

If one assumes that the straight line is a contribution from l ocalized moments

giving paramagnetism of Curie (or Curie-Weiss) type, the e � ective local moment
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can be obtained from the Curie constant C as mE� � 2:82
p

C; where C is in emu �

K � mole� 1 and mE� is in Bohr magnetons. The e� ective moment of one electron

with spin 1
2 is 1.73� B. The moments obtained from the �ts correspond to less than

one electron per formula unit ( Table. 2.3). According to composition analysis,

the number of impurities seems to be too low to produce such mo ments by them

selves. In addition, moments under 10 K in all �ve materials a re from 2/3 to 1/10

of their higher temperature values. This reduction of the mo ments seems to be

related to the antiferromagnetic-like transition which ap pears around 35 K, as if

some magnetic moments were coupled antiferromagnetically . Simultaneously, the

intercepts (a) of the linear �ts are larger for the lower temperature inter vals.

Table 2.4: Intercept aof the linear �t of � vs T� 1 in the three intervals separated by the two

transition points. a is given in units of 10 � 4 cm3� mol � 1

Material 300 K to 100 K 60 K to 40 K 10 K to 2 K

CaSi 0:021 2:831� 0:143

SrSi � 0:070� 0:002 1:706� 0:008 2:017� 0:002

BaSi 2:747� 0:003 5:795� 0:062 9:201� 0:003

ScSi 0:394� 0:001 1:261� 0:005 1:603� 0:012

YSi 1:488� 0:001 2:150� 0:008 2:759� 0:012

LaSi 0:252� 0:002 1:647� 0:010 2:023� 0:001

Since the samples used for magnetic measurements are singlecrystals, the

present impurities can not be forming clusters; these can only be replacing atoms

in crystallographic positions. In this way, the density of i mpurities (see Table A.1 )

in every sample is too low to couple and produce a collective r esponse. Due to

the spatial extension of d orbitals in main group metals and earth metals, they

can overlap with neighboring atoms and they are not expected to produce local

moments. As such, alkaline-earth silicides and earth silic ides are not expected
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to have magnetic centers. However, one can not discard that impurities might

be relevant inducing the formation of moments. Since these compounds are bad

metals it is reasonable to think of a low density of carriers d estabilized by local

impurities.

The silicon used for this materials comes with quality speci �cations for semi-

conductor industry; therefore, main sources of magnetic im purities are the distilled

metals used as starting materials. Fig. 2.18shows measurements performed un-

der similar conditions for the silicides and for the startin g materials (in green).

As it can be seen, whether impurities make some e� ect or not, these observed

transitions are intrinsic to the silicide structures.
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silicide, under a �eld of 0.1 T



46 Chapter 2. IIA- and IIIB-Metal silicides. Experiments

0 100 200 300
T [K]

0

0.5

1.0

1.5

2.0

2.5

3.0
10

4  M
ag

ne
tic

 M
om

en
t [

em
u]

BaSi  88.100 mg

Fig. 2.19: BaSi magnetic moment vs. temperature for H=0.01, 0.1,0.5, 1, 1.5, 2, 2.5, 3, 3.5,
4, 4.5 and 5 Teslas.

Fig. 2.19shows the magnetic moment as function of the temperature for several

values of the magnetic �eld, on the same graph, for a sample of 88.1 mg of BaSi.

This correspond to a new set of measurements that are being run currently with

new samples. Fields values are in the picture caption, where the number in bold

corresponds to the thicker line, and all other lines corresp ond to the numbers in

the same order. Above H = 0:5 T, values of the �elds are equidistant and therefore,

non-equidistant curves evidence non-linear �eld dependen ce. The bump around

75 K resembles the jump observed in other samples. Similar measurements will

be done with the other silicides, as soon as new samples with the required quality

become available.

Summarizing, one could say that alkaline-earth silicides ( mainly SrSi and BaSi)

are bad metals with unusual magnetism. They show small net ma gnetic mo-

ment and multiple magnetic transitions. This is interestin g not only because it

contradicts the expected behavior for Zintl compounds, but also because collec-

tive magnetic response is generally related to the exchange interaction involving
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localized electrons in incomplete d or f shells.

Fig. 2.20: Triangular coordination of metal (black) atoms. Base, 4.14 Å; side, 3.93 Å.
Inter-triangle distance (along a), 5.04 Å

The exchange interaction between electrons in valence states centered at di� er-

ent atoms is negative[16]. Fig. 2.20shows the relevant coordination of the atoms

in the ÆSi structure. If there were electrons in the d states of metal atoms, one

could relate the observed transitions to the frustrated ant iferromagnetic exchange

within the triangular prismatic arrangement. The stepwise (metamagnetic) M vs H

dependenceFig. 2.21would correspond to the �eld induced spin-�ip happening

when the Zeemann energy becomes similar to one of the antiferromagnetic cou-

plings. However, valence states of metal atoms are expectedto be nearly empty

according to the Zintl concept. Moreover, d states of Æ metals are extended and,

if occupied, they should overlap and mix with states of neigh boring atoms. ÆSi

should not contain local moments and exchange interactions are expected to be

very weak.

In general, the magnetic transitions observed in the silici des, are not simply

related to the number of electrons in metal-atom d states since similar experiments

with earth-silicides do not show systematic enhancement. H owever, the metallic

conductivity of an otherwise closed shell system indicates the participation of

metal-atoms states.
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From the low conductivity and weak paramagnetic susceptibi lity of these com-

pounds, one can postulate a low density of carriers easily de stabilized by impu-

rities as an explanation for the sample-dependence of the magnetic e� ects. For

low electron-densities the total kinetic energy can become comparable with the

weak exchange between itinerant electrons; in this way the p aramagnetic state

can be unstable with respect to magnetic ordering[9]. To mak e this hypothesis

sustainable, one need to prove that metal states are occupied and if possible that

there is room for magnetic solutions.

Further experimental studies as well as theoretical invest igations are required

to fully understand these facts. For it, �rst principle calc ulations of their electronic

structure have been done and are presented in Chapter 4.



3. Theoretical Methods for Many

Electron Systems

... lo cóncavo es relativamente convexo.

D2R

In this chapter, the theoretical methods used in this work for computing the

observables of many-electron systems will be described. We brießy review the

formulation of thermodynamic potentia ls and functional theories from the uni Þed

viewpoint of E � ective Actions[93–95]; which allows the computation of observ-

ables from variational principles and provides a local-stability criteria for the

solutions. The formalism is based on functional Legendre transformations and the

inversion method.

3.1 Statistics of Many-electron systems

The many-body Hamiltonian (Eq. 1.9) is the formal starting point of non-relativistic

all-electron Þrst principles calculations. A physical state is characterized by a

“point” ( � , � • ) in the Fock spaceF . An isolated system has a well deÞned energy,

number of particles and maybe other physical quantities whose operator com-

mutes with the Hamiltonian. Expectation values of energy and particle number

are

E[�, � • ] =
�

dr � Ĥ(�, � • )� and N[�, � • ] =
�

dr � �� • � . (3.1)

49
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The volume of the conÞguration space (number of states) with energy lower than

E and fewer particles than N, is

� F (E, N) = Tr
F

���E[�,� • ]<E,

N[�,� • ]<N

(
�

) (3.2)

and the density of states D(E, N) = � 2� F (E,N)
� N� E ,

D(E, N) = Tr
F

�
�

�
E Š E[�, � • ]

�
�

�
N Š N[�, � • ]

�
�

�
. (3.3)

S(E, N) = ln � F (E, N) is the entropy of the system. The partition function Z(
, N) is

deÞned as a Laplace transform of the density of states

Z(
, N) =
�

dEeŠ
 ED(E, N) (3.4)

= 

�

dEeŠ
 E+S(E,N).

If the entropy is a convex functional ( � 2S(E,N)
� E2 < 0) then the integral in the partition

function can be evaluated in stationary phase approximation[96] (SPA) 1. Then

Z(
, N) 
 
 eŠ
 E(
, N)+S(E(
, N),N)

�
dEe

1
2

� 2S(E,N)
� E2

���
E(
, N)

(EŠE(
, N))2

= eŠ
 E(
, N)+S(E(
, N),N)

�

�
 2

Š2� 2S(E,N)
� E2

���
E(
, N)

, (3.5)

where E(
, N) is deÞned by inverting � S(E,N)
� E Š 
 = 0 in favor of E. SPA becomes

exact in the thermodynamic limit and

Š ln Z(
, N) = 
 E(
, N) Š S(
, N) Š ln

�
������

�

Š
�
 2

2� 2S(E(
, N),N)
� E2

�
������


 
 E(
, N) Š S(
, N), (3.6)

1The stationary phase approximation is also known as steepest descent method or saddle-point
approximation (SPA).
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since the last logarithmic term is of order unity whilst E and S grow with the

size of the system. The convexity of the entropy implies positive heat capacity

CŠ1 = Š
 Š2 � 2S(E,N)
� E2 and then F(
, N) = Š lim N
� ln Z(
, N) equals

F(
, N) = min
E[�,� • ]

�

 E Š S(E, N)

�
, (3.7)

the minimum over the con Þguration space at constant 
 . This is a Legendre

transformation of S(E, N) with respect to E in favor of 
 . F(
, N) divided by 
 is the

Free energy. For convenience, we work with dimensionless potentials and we call

F, free energy.

With another Laplace transformation of the partition function

� (
, µ ) =
�

dNe
µ NZ(
, N) (3.8)

one can get the Grand potential

� (
, µ ) = 
 min
N[�,� • ]

�
F(
, N) Š µN

�
(3.9)

as a minimum when the inverse temperature and µ are Þxed. µ = 
 Š1 � F
� N is the

change in the average energy when adding or removing a particle, keeping a

constant temperature. � is the actual Grand potential at Þxed µ if the charge

compressibility �µ
� N is positive.

� is the Grand partition function de Þned in Eq.(B.36) which can also be written

as

� (
, µ ) = Tr
F

�
e
 (µN̂ŠĤ)

�
, (3.10)

and in the thermodynamic limit � (
, µ ) = Š ln � (
, µ ). With the introduction of

conjugated external Þelds 
 and µ, the total energy and number of particles are
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ßuctuating quantities and their average values can be obtained by

N = Š
 Š1 � � (
, µ )

�µ
and E =

� � (
, µ )

�

+ µN (3.11)

In many practical situations, systems int eract with their surroundings exchanging

particles and energy. Therefore a description at Þxed temperature and chemical

potential is more appropriate than the description with Þxed E and N. Moreover,

from an analytical and numerical point of view, any minimization with constraints

is much more easily done by introducing Lagrange multipliers ( 
 and µ in this

context). ˆ� = 1
� e
 {µN̂ŠĤ} is the density matrix operator and the observables can be

obtained from

�O� = Tr
F

�
�̂ Ô

�
. (3.12)

3.1.1 Functional Legendre Transformation

Legendre’s transformation of thermodynamic potentials is generalized in order to

obtain local averages of observables by introducing local sources. This generaliza-

tion is called Functional Legendre Transformation (FLT).

Let O(r ) be an observable and � [O] the Grand potential of the system. One

can perform a Laplace transform of the Grand partition function, coupling to this

observable a local sourceJ(r ) by2

� � [J] =
�

dOeŠ� [O]+
�

dxJ(x)O(x), (3.13)

In the SPA
� � [O]
� O(x)

= J[O](x), (3.14)

and we can invert it to get O[J](x). Eq. 3.13 is well represented by the SPA if Eq.

2We have written 

�

dr as
�

d
 dr =
�

dx.
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3.14 is a dominant and well isolated local maximum of the exponent, for which

� Š1
OO(x Š x� ) �

� 2� [O]
� O(x)� O(x� )

(3.15)

(sti� ness of the system) has to be positive deÞned. If this is true, in the thermody-

namic limit � � [J] � Š ln � � [J] equals minO(x)

�
� [O] Š

�
dxJ(x)O(x)

�
. By construction

the observable is obtained by functional derivation

O[J](x) = Š
� � � [J]
� J(x)

(3.16)

and also the susceptibility

� OO(x Š x� ) �
� O(x)
� J(x� )

(3.17)

= Š
� 2� � [J]

� J(x)� J(x� )
.

The identity �
dy

� 2� � [J]
� J(x)� J(y)

� 2� [O]
� O(y)� O(x� )

= Š� (x Š x� ) (3.18)

represents in this context the Sti� ness Theorem, which says that the static response

function is the inverse of the sti � ness of the system.

If in Eq.(3.13) we exchange the order of the trace operation and the Laplace

transform, we can express � � [J] as the partition function of the system in the

presence of an externalÞeld

� � [J] =
�

dOTr
F

�
e
 (µN̂ŠĤ+

�
dr J(r )O(r ))� (O Š O[�, � • ])

�

= Tr
F

�
e
 (µN̂ŠĤ+

�
dr J(r )Ô(r ))

�
. (3.19)

Whilst the actual form of � [O] is generally unknown and the computation of the

partition function with constrained O is impractical, the form of � � [J] is known

and it can be taken as a starting point.
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Rewritten in the path-integral language

exp(Š� � [J]) =
�

D [� • � ]eŠS̃E[� • ,�, J] , (3.20)

where

S̃E[�, � • , J] = SE[�, � • ] Š
�

dxJ(x)O[�, � • ], (3.21)

with SE[�, � • ] the action of the system without Þeld, given by Eq.(B.39).

3.2 E� ective action formalism and the constraining

Þeld

The main problem for computing any observable of a many electron system is

the electron-electron interaction. It makes Hamilton equations non-linear in any

single-particle representation and forc es us to deal with many-particle states in-

stead of single particles states. The number of microscopic many-particle states

grows exponentially with the system size whilst the number of single-particle

states in a separable system grows linearly. The introduction of a constraining

Þeld uni Þes the methods of going around size-limitation, for what it Þnds a sepa-

rable system that is constructed to reproduce part of the physics of the real system.

An explicit review is given by G. Kotliar et al[93] and references therein. Here we

present just an abstract.

Let � be the thermodynamic potential of the system and O, the observable

which we want to determine. O couples to an external Þeld J. The modiÞed action

is SE Š JO3 and � � [J] is thermodynamic potential. The observable in the original

system can be obtained from Eq.(3.16) setting the source to zero at the end of the

calculation. Instead, one could invert Eq.(3.16) to write the source in terms of the

3JOis the abbreviation of the functional
�

dxJ(x)Ô(x).
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observable and make a back-transform in order and to return to a functional of O,

� [O] = � � [J[O]] + OJ[O] (3.22)

� [O] is the minimum of � � [J] with the constrain that O is Þxed. Now, by construc-

tion

J[O] =
� � [O]

� O
. (3.23)

The actual value of O minimizes � [O], and for it � [O]=� . � [O] is called e� ective

action4.

Let � be a coupling constant or parameter of the system, for example a number

multiplying e2 in the case electron-electron interaction. For � = 1 we have the real

system and for � = 0 a non-interacting one. For every given � , each value of the

source J will produce a value of O. The action can be written as S0 + � S1 and we

assume that one can make a systematic expansion of the� [O] and J[O] to some

order in �

� [O] = � 0[O] + � � 1[O] + · · · (3.24)

J[O] = J0[O] + � J1[O] + · · · (3.25)

where � 0[O] is the e� ective action of a reference, non-interacting system with

action S0 Š OJ0. If J[O](� ) can be found, then the source J0 gives, for the reference

system (� = 0), the same value that observableO has in the real system. When this

observable is properly chosen, other observables can be obtained perturbatively

from their values in the reference system. J0[O] is called the constraining Þeld.

It is the source that needs to be added to the non interacting system in order to

4In classical mechanics the observables are those that make the actionS stationary. This is not
true for quantum or statistical mechanics, where the action of all possible trajectories contribute to
the averages. By construction,� is the value � [O] at the stationary point, and this point correspond
to the physically observed O. So,� [O] plays the same role as the action in classical mechanics.
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produce the correct value of O. It is useful to split the functional as

� [O] = � 0[O] + �� [O] (3.26)

where � 0[O] = � �
0[J0] + OJ0. Then one could think of � as a functional � [O, J0] =

� �
0[J0] + OJ0 + �� [O] which is stationary in two variables, the constraining Þeld J0

and O. The stationary condition � �
� J0

= 0 states that the observable is obtained from

the Þctitious non interacting system

O = Š
� � �

0

� J0
(3.27)

whilst � �
� O = 0 gives

� ��
� O

= ŠJ0[O] (3.28)

which, together with the de Þnition of J0[O], determines the constraining Þeld.

�� can be given by the coupling constant integration representation

�� [O] =
� 1

0
d�

� �
��

=
� 1

0
d� �S1� J(� ),� (3.29)

where � = 1 represents the actual physical value and the sub-indexes in �S1� J(� ),�

mean that the average of the interaction action S1 is done over the conÞgurations

of the modi Þed system SE Š OJ = S0 + � S1 Š OJ(� ) where for each � the J(� )

is built to give the actual value of O. The constraint of keeping O Þxed in the

coupling constant integration is vital, sinc e it determines the form of the interaction

functional appropriate for the choice of observable. The success of the method

relies on obtaining good approximations to the functional �� [O] whose exact

form is, in general, unknown 5. The choiceO and the choice of reference system

determine the structure of the theory. When a very simple observable is chosen, the

5Another route for obtaining an e � ective action, decoupling interaction terms, is the Hubbard-
Stratonovich transformation[97]. It makes use of a generalization of the identity e

U
2 x4

��
d� eŠ 1

2U � 2Š� x2
, in order to replace a quartic term by introducing a conjugate Þeld.
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theory is computationally less expensiv e and can be applied to larger systems. The

drawback is that the properties of the system which involves degrees of freedom

that are not univocally determined by O, cannot be predicted in a controlled way;

i.e. improving the approximation to the int eraction functional does not warranty

the improvement of the results for other observables, and the di � erences between

calculated and exact values are unknown.

3.2.1 Phase transitions. Stability of variational solutions

Stability of variational solutions

Generally depending of the observable chosen, variational-equations can have sev-

eral solutions (spin-polarized, paramagn etic, charge ordered, etc) for some values

of the external parameters. Only that solution corresponding to the absolute min-

imum of the thermodynamic potential is o bserved. Other solutions correspond

to saddle points, local maxima or local m inima and are therefore non-physical.

Which solution constitutes the absolute minimum depends on the external condi-

tions and therefore a change in the latter can cause a phase transition. The task of

Þnding all possible solutions and selecting the stable phase is practically impossi-

ble. There is no way to know whether all solutions have been found or not, and

checking their stability is an enormous work. For those reasons one often restricts

oneself to Þnd and compare those phases that are expected by intuition or those

which are supported by experimental evidence.

A solution is called locally stable if any in Þnitesimal change in this solution

increases the value of the thermodynamic potential. Locally stable solutions cor-

respond to local minima. According to the sti � ness theorem[29, 98], the local

stability of a phase is related to the sign of the static susceptibility. Globally stable

solution is the one for which the thermody namic potential takes the lowest value.

Let us assume that the system is in the state corresponding to a stable solution 1.

If for certain value of the external parame ters the solution 1 becomes locally un-
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stable, the system will “role down continuously on the thermodynamic potential

surface”, the solution will experience a continuous change following the minimum

as a function of external parameters. This is a second order transition, also known

as continuous phase transition. If instead, the solution 1 remains locally stable

but another solution (solution 2) becom es lower –in thermodynamic energy– than

1, the system will jump form 1 to 2. Since 1 and 2 are both locally stable, they

have to be separated by a barrier. Therefore, the solution changes discontinuously

and it is called Þrst-order phase transition. The order of the transition is the or-

der of the derivative of the thermodynamic potential, with respect to the external

parameters, which has a discontinuity at t he transition point parameter space.

Spin susceptibility is of interest for magnetic transitions; therefore, some useful

relations will be presented in the following.

Three di� erent susceptibilities have been deÞned depending on the external

conditions[29, 99, 100]; named isothermal,adiabatic and isolated. In the isothermal

case, the contact with a heat bath ensures that the temperature of the system is kept

constant at all times as any other external parameter (e.g. magneticÞeld) is varied.

The adiabatic susceptibility is appropriate for a system that is not perfectly isolated

but in average there is no net interchange of energy. The temperature varies with

the external Þeld in such a way that the energy is kept constant and the behavior

of the system at each temperature is also described by a canonical ensemble.

The isolated susceptibility is the Kubo susceptibility [101]. It corresponds to a

system that, far in the past, was in thermal contact with a heat bath but it is

now perfectly isolated (its density matrix at t = Š� is �̂ = eŠ
 {ĤŠµ}

Tr(exp Š
 {ĤŠµ}) and

evolves in time according to i� �̂ (t)/� t =
	
Ĥ(t), �̂ (t)



. The slow varying Þeld changes

continuously the eigenvalues and eigenstates but the probabilities of being in a

given eigenstate do not change [102, 103]. In other words, the distribution does

not relax and so, the ensemble does not remain canonical. The zero frequency limit

of Kubo susceptibility has been shown to be a lower bound to the adiabatic and
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isothermal ones[104]. Which one of the three is best suited, generally depends of

the conditions that one wants to simulate; isothermal susceptibility will be used

in the following.

The thermally averaged spin

�S� = Tr
�
�̂ Ŝ

�
(3.30)

is zero in the absence of external Þeld in a paramagnetic state. The isothermal

susceptibility is de Þned by

� i j =
� �Sj�

� bi

|
 (3.31)

where b is the magnetic Þeld perturbing the system 6 (Ĥ� = Ĥ Š b · Ŝ) and it is set

to zero at the end of the calculation. Using the formula for the derivative of an

exponential operator with respect to a parameter [11, 105]

� exp
�
Š
 Ĥ�

�

� bi

= Š
� 


0
duexp

�
Š{
 Š u}Ĥ�

� � Ĥ �

� bi

exp
�
ŠuĤ�

�
(3.32)

one obtains

� i j = 
 {�Si |Sj� Š � Si�� Sj�} (3.33)

where

�Si|Sj� = 
 Š1

� 


0
du�exp

�
uĤ

�
Ŝ•

i exp
�
ŠuĤ

�
Ŝj� . (3.34)

If
	
Ĥ, Ŝ



= 0, then �Si|Sj� = �SiSj� [29, 106]. This is true, for example, when the

Hamiltonian only depends on one spin component like in the Ising model. It is

also valid for the quasi particles of some e� ective mean-Þeld Hamiltonians, when

the spin-spin interaction is decoupled introducing the mean Þeld values and only

one of the spin components can have a non vanishing average � Ŝ	 � · Ŝ
 = � Ŝz
	 � Ŝz


 .

6In Fourier space the susceptibility is a func tion of the wave vector corresponding to the
Fourier component of the perturbing magnetic Þeld. Ferromagnetic ordering is induced by the
homogeneous component of the Þeld.
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Then, the susceptibility is proportional to the classical-type ( �A2�Š� A� 2) correlation

function [107].

Let � (S) be that grand potential as e� ective functional of the total spin. Assume

that the size of the system N is so large that S can be treated as continuous from

ŠN to N and the thermodynamic potential can be written as

� (S) = 


�

N� 0 +
a(T)
N

S2 +
c

N3
S4 . . .

�

, (3.35)

where the the coe� cients � 0, aand c have already reached, with enough accuracy,

their limit corresponding to N 
 � . The powers of N in the denominators are

there to assure that the action scales linear with the system size as it is for a short-

ranged interaction. The minimum of the e � ective action depends on the sign of

a(T) which can be reversed at certain temperature Tc. The quartic coe� cient c is

positive and generally depends very weakly on T. The probability of Þnding the

system with certain value of the spin is dP(S) = � Š1eŠ� (S)ddS, where � =
�

eŠ� (S)ddS.

The averagem-moment per site of any spin component is computed as

lim
h 
 0

lim
N
�

1
N�

�
(Si)

meŠ� (S)+
 S·h ddS. (3.36)

All integrals can be done in the generaliz ed SPA where the integral is replaced by

the weighted sum of gaussian integrals centered at the minima of � Šmln |Si|Š
 S·h .

Due to the symmetry of the action, only the component parallel to the Þeld has

non-vanishing average for m = 1; for a < 0 it is given to leading order in 
 hN by

�
1
N

S||� = x0 lim
h 
 0

lim
N
�

tanh
�

 hN

�
= x0 (3.37)

where x0 =
�

Ša
c . For positive a, the average spin per site is simply aŠ1h and

vanishes for zero Þeld. The order of N and h limits can not be exchanged: it

would give trivially zero otherwise due to the weak convergence of the functional
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series. The spontaneous symmetry breaking atÞnite temperature can only happen

in the thermodynamic limit where 
 hN � 1 and it corresponds, in mathematical

language, with the given limiting order. The susceptibility turns out to be




N

�
�S2

||� Š � S||�
2
�

�

�
��������
��������

|a|Š1 for a < 0
�

N
cTc

for a = 0

aŠ1 for a > 0

, (3.38)

and it diverges at the transition point a = 0 in the thermodynamic limit. The

reasoning done here is qualitatively right but the assumption that � 0, a and c are

independent of N when 
 hN is Þnite is wrong. The appropriate treatment would

change the scaling with N; but this is the subject of renormalization group[108]

and it is beyond the scope of this work. The “physical” susceptibility de Þned

by Eq.(3.33) is positive-deÞnite, corresponding to a well de Þned spin-distribution

function. The negative valued suscepti bility commonly used as a signal of local

instability comes from the analytical continuation of the paramagnetic solution

in the region where it is not stable, where its spin-distribution function is not

positive-deÞnite.

An ease of the local stability criterion is that it only requires the knowledge of

one solution (e.g. paramagnetic) and its susceptibilities. Finding a paramagnetic

solution has the advantage of being computationally less expensive since states

with up and down spin have identical solutions, the number of variables being

reduced to a half. However, Þrst order transitions cannot be predicted and one

must resort to the computation of other solutions and to the comparison of their

thermodynamic potentials.

Relations among charge and spin susceptibilities

The susceptibilities

� �� � =
� n�

� b� �

(3.39)
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represent the variation of the number of electrons with spin � due to the variation

of a Þeld coupled to the electrons with spin � � . Density-density, longitudinal

spin-density and longitudinal spin-spin responses are obtained as

� nn =
�

�� �

� �� � , � nSz
=

�

�� �

�� �� � , and � SzSz
=

�

�� �

�� � � �� � , (3.40)

respectively. In a paramagnetic phase � �� = � 		 ; then, spin and density are de-

coupled (� nSz
= 0). In a non interacting system � �	 = 0 and therefore � nn = � SzSz

,

which means that the density-density response is equal to the longitudinal spin-

spin response.

3.3 Density functional theory.

Hohenberg and Kohn proved in their original work[109] that the energy of a many-

electron system is a functional of the electron density and E[� ] is minimized by the

electron density of the ground state. This functional theory, then called density

functional theory (DFT) was later generalized to Þnite temperatures and a practical

execution method based on single-particle orbitals was proposed by Kohn and

Sham (KS [110]). From the point of view of the e� ective action[93, 95], the source

is coupled to the density
�

dxJ(x)� • (x)� (x) and therefore J0(x) has the interpretation

of e� ective external potential Vint [� ](r ). The non interacting reference system is

described by the e� ective Hamiltonian

HE� = Š
1

2me
� 2 + VKS[� ](r ) (3.41)

where the total potential (Kohn-Sham potential VKS(r )) felt by a Kohn-Sham par-

ticle is the sum of the lattice potential Vext(r ) and Vint [� ](r ). The latter has to be
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obtained from the interaction functional (3.29) where

�S1� J(� ),� =
�

dxdx�vc(�, x Š x� )� � • (x)� • (x� )� (x� )� (x)� . (3.42)

Using the deÞnition of correlation function, the quartic average can be rewritten

as

� � • (x)� • (x� )� (x� )� (x)� = � (x)� (x� ) + � � (x, x� ). (3.43)

� � (x, x� ) the density-density correlation function at the interaction strength � ,

computed in the presence of a source which depends on � in such a way that

� � • (x)� (x)� � � (x). Using the decomposition 3.43, the interaction functional is

split in the Hartree functional

EH [� ] = e2

�

dr dr � � (r )� (r � )

|r Š r � |
(3.44)

and the exchange correlation functional

	 xc
DFT[� ] = e2

� 


0
d�

�
dr dr �

� 1

0
d�

� � (r , r � , � )
|r Š r � |

(3.45)

The actual form of the exchange correlation functional is not known. There are

several approximations giving this functional as a explicit function of the density.

Local density approximation (LDA) is a very simple and still successful one. The

exchange correlation per unit charge at every point r is replaced by the exchange

correlation of a uniform electron gas with the same density[109]

	 xc
DFT[� ] =

�
dr � (r )� [� (r )]. (3.46)

� [� (r )] is the exchange correlation energy of the uniform electron gas. The latter

has been calculated by quantum Monte Carlo calculations[31] and analytical ex-

pressions have beenÞtted for practical uses[111]. There are approximations trying
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to cope with systems whose density var ies too much to be well described by the

LDA. Amongst them it is the generalized gradient approximation (GGA) where

the functional also contains the gradient of the density[112].

3.3.1 Kohn-Sham equations

Following KS, the minimization procedure is done introducing single-particle or-

bitals (KS-orbitals) which are the eigenvectors of the the single-particle Schrödinger

equation

HE� � i(r ) = � i � i (r ). (3.47)

This equation is solved with a exchange correlation Vint [� ](r ) using an estimated

� . Taking wave functions � i(r ) and eigen values � i , � (r ) is recalculated

� (r ) =
�

i

NFD

�

 {� i Š µ}

�
|� i (r )|2 (3.48)

and plugged back into Vint [� ](r ). NFD is the Fermi-Dirac distribution. The chemical

potential is readjusted with the condition

�
dr � (r ) =

�

i

NFD

�

 {� i Š µ}

�
= N (3.49)

This is repeated until the output and input densities and energies coincide within

a desired tolerance.

The fact that DFT requires the solution of only one eigenvalue problem makes

its application to large systems a� ordable. Unfortunately, it is because the e� ective

electrostatic potential is orbital-independent and therefore the self interaction of

the electron is not properly subtracted[113]. The exchange energy is included only

partially. The KS-orbitals and the KS-energies are not the actual one-electron states

and spectra; they are tools used to determine the electron density[93]. However,

they are a good approximation for weakly interacting electron systems. They are
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also a good starting point for hybrid methods like LDA +U and LDA +DMFT for

the treatment of strongly interacting electrons[93]. DFT is the most frequently

used method in electronic structure calculations.

For solving the single particle KS-eigenvalue problem, one expands � i(r ) on

a basis set. Firstly, considering the translational symmetry of crystals, one uses

Bloch’s theorem[114] to reduce the system to a single unit cell with periodic bound-

ary conditions. The exact electrostatic potential inside a unit cell is a very com-

plicated function; it is weaker and slow varying in the interstitial regions, but

very strong in the proximities of every nucleus. The accurate description of the

full electron problem requires the use of a basis set which correctly represents the

localized and strongly space-dependent core states as well as the delocalized and

smoother conduction electrons. Any complete basis can do it if all the states are

included. However, one cannot use an in Þnite set for numerical calculation and

one must impose a cut-o� . The practical problem is to Þnd a basis which can ac-

count for the relevant physics using a minimal number of functions. Moreover, for

general interest and systematic applications, it should be ßexible enough to cope

with many di � erent electronic structures. To this end, several methods have been

developed by the electronic structure community. In this work we use two of them;

the method based on linear mu � n tin orbitals (LMTO) and the pseudo-potentials

(PP) method.

3.3.2 The TB-LMTO-ASA method

TB-LMTO-ASA stands for Tight-Binding Linear Mu � ng Tin Orbitals in the Atomic

Sphere Approximation. This method ha s been mostly developed by O. K. Ander-

sen group at the MPI-FKP in Stuttgart; detailed as well as resumed descriptions

can be found in references [115–120]. Details concerning the tetrahedral integra-

tion used for the computation of density of states can be found in [121, 122] and

references therein.
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The generality in mu � n tin orbital approaches (MTOs) is the partitioning of

the space of each cell in, spheres of radiussR at each atom position, called mu� n

tin spheres (MT), and interstitial regions. MTOs use a minimal basis since only

one radial function is considered per angular momentum L = (lm) at atom position

R . The potential in the solid is approximated to be ßat (VMTZ ) in the interstitial

regions and spherically symmetric (avera ged) inside the MTs. The one-electron

wave function in the interstitial region, is computed as having zero kinetic energy.

As such, the L-function centered at R is, outside of its MT, the irregular solution

of Laplace equation

K0
R L(r ) =

� |r Š R |
�

� ŠlŠ1

YL(øR ), (3.50)

where YL(øR ) are the spherical harmonics with spherical angles ø centered at R .

We abbreviate the notation as i � R i, Li. K0
i extends to the whole space and it can

be rewritten for convenience as

K0
j (r ) = Kj(r ) Š

�

i

Ji(r )S0
ij (3.51)

where Kj(r ) and Jj(r ) are like the irregular and regular Laplace solutions but they

are redeÞned to vanish outside their Wigner Seitz cell. S0 are the canonical structure

constants. They contain the information of the structure (relative positions) and

do not depend on the atomic potentials. Similarly one then de Þnes the screened

Þeld by

K	
j (r ) = Kj(r ) Š

�

i

J	
i (r )S	

i j (3.52)

where J	
i = Ji Š 	 Ki results from adding to the regular solution an amount 	 of the

irregular solution. The screened structure constants are

S	 = {1 Š 	 S0}Š1S0 (3.53)

and they have some desirable properties as a shorter range and almost universal
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behavior. The screenedÞeld can also be written as a superposition of the bare

Þelds K	 = K0{1 Š 	 S0}Š1.

For a single MT sphere, � (E) is the solution of the Schrödinger equation with

spherical atomic potential {Š�+ v(r)ŠE}� = 07. As the one center expansion (3.52)

is valid for any cell of the periodic structure, the tail of the Þelds centered at one

cell will contribute to other cells. One then builds the MTOs by augmenting the

one center expansion inside every MT; replacing J	
i by some regular function J̄	

i

and Kj by a linear combination of the radial solutions � (E) and the regular function

J̄	
j . The MTOs are equal to K	

j in interstitial regions and in the MT spheres they are

N	 (E)� j(E) +
�

i

{� i j P
	 (E) Š S	

i j }J̄
	
i . (3.54)

N	 (E) and P	 (E) are the coe� cients of the linear combination ( � (E), J̄	
j ) and are

such that the MTOs are continuous and di � erentiable every where. This MTOs

are a complete basis for the solution of the MT potential at energy E if

||� i jP
	 (E) Š S	

i j || = 0. (3.55)

The augmentation is therefore meant to cancel the tails of the MTOs coming from

other atoms. The errors introduced by taking the MTOs as basis come from the

neglect of the kinetic energy in the interstitial region and it is proved to be of

second order in (E Š VMTZ ). The ASA minimizes this error, taking as MT spheres

the space-Þlling atomic Wigner-Seitz spheres whose overlap is neglected. In the

calculation procedure one has to check whether this overlap is actually small. If

not, one introduces empty spheres in appropriate positions in order to minimize

the interstitial region keeping the total overlap small.

Finally, the linear version of the MTOs, the LMTO method, uses a Taylor

expansion of each � (E) up to Þrst order in energy around certain value E� . With

7This equation is in Rydberg units.
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it, P	 (E) becomes linear in energy and can be given in terms of few parameters.

Therefore the tail cancellation condition (3.55) becomes an eigenvalue problem.

The errors introduced in the energies by this linearization is of fourth order in

(E Š E� ).

As such, the LMTO-ASA splits the band structure problem into a solid and an

atomic part which are solved self-consistently. For each set of parameters in P	 (E),

the eigenvalue problem (3.55) is solved and this solution generates new boundary

conditions for the atomic problem. The a tomic problem is solved and it gives new

values for the parameters in P	 (E). The calculation is repeated once and again

until parameters and eigenvalues become stationary within a desired tolerance.

The LMTO method gives a good description of the electron bands in a range of 1

Ry.

A very useful feature of the LMTO method, which other methods lack, is

that the charge distribution into mu � n tin orbitals is physically meaningful. Most

methods use a “rigid” basis set (atomic orbitals) and solve the structure Þnding the

best coe� cients to represents the density by a LCAO. However, atomic orbitals in a

solid have much less physical meaning than in an atom since electrons are shared

by multiple centers. Therefore, the intent to distribute the density onto LCAO

often results in misleading occupations. In the LMTO formalism, the mu � n-tin

orbitals are constructed in the self consistency algorithm. The tail cancellation

through augmentation and the continuity condition produce orbitals which are

intrinsic to the solid rather than atomic. Therefore, the occupation of a mu � n-

tin orbital really accounts for the electrons which are hold by the corresponding

atomic center.

3.3.3 Pseudo potential methods

The idea behind pseudo potential (PP) methods is that the atomic core states

are insensitive to the surrounding and only the valence and low lying excited
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states determine the relevant physics of a solid or molecule. Therefore, once the

core states are computed for a single atom they will remain unchanged in any

solid calculation, for which the all electron atom can be replaced by a frozen

core and fewer electrons (the valence electrons). However, the valence states

have several nodes in the proximities of the nucleus (core region) where they are

centered, and it makes impractical the treatment with plane waves (PW) which is

otherwise convenient in periodic system s. PW calculations can be systematically

converged8 as a function of a parameter, the cut-o� energy. In addition, it allows an

e� cient calculation of atomic forces. Then, a PP aim to replace the all-electron (AE)

screened potential in such a way that it produces a pseudo wave function that has

no nodes (therefore a PW expansion is possible) and behaves like the actual valence

state beyond a cuto� radius (rc). By, “behave like” one understands, ( 1-) equality

of the function , ( 2-) equality of its logarithmic derivative and ( 3-) its energy. So, the

physical properties should be correctly reproduced as long as the spheres, deÞned

by the cut-o� radius of two atoms, do not overlap. The development of PPs can

be separated in two types; norm-conserving (NC) and ultrasoft (U).

Single energy Norm-conserving PPs

NCPPs are built with the constraint that ( 4-) the integrated charge of the AE-

and PS-wave functions are equal at rc [123–126]. The construction can be done

as follows. A single atom AE DFT calcula tion is performed with the actual self

consistent one-electron potential VKS[� ](r) = ŠZ
r + VH [� ](r) + VXC[� ](r). A radial

PS-wave function for angular momentum l satisfying conditions 1, 3 and 4 can be

built in many di � erent ways. These tree conditions warranty that condition 2 is

satisÞed. Furthermore, 4 together with the identity

Š
1
2

�
��

�
� r

ln Rl(�, r)|� =� l
r=rcl

=
1

r2
clR

2
l (� l , rcl)

� rcl

0
R2

l (� l , r)r2dr (3.56)

8Increasing the cut-o� energy always improves the convergence.
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imply that the power expansion of the log arithmic derivative for the AE- and PS-

wave functions around � l coincide up to Þrst order and so the errors are of second

order in ( � Š � l). Therefore, the PS built for one eigenvalue can be also used for

nearby energies. The screened PP (Vps
Scr,l) is obtained inverting the Schr ödinger

equation for the radial PS-wave function Rps
l (r)

Vps
Scr,l = � l Š

l(l + 1)
2r2

+
1

2rRps
l (r)

d2

dr2

	
rRps

l (r)


. (3.57)

From (3.57) one see that for (5-) a nodeless PS-function the PP has no singularities

except in the origin. The latter can be avoided if ( 6-) the chosen PS-wave function

behaves asrl when r approaches zero. For a PP to be continuous, (7-) the PS-wave

function must have continuous derivatives up to second order.

The valence electron contribute to its own screening potential through the

Hartree and exchange correlation potentials. Therefore, to improve the transfer-

ability to the solid environment where the e � ective screening can be di� erent,

the ion potential is obtained by subtracting the Hartree and XC contributions

computed with the PS-wave function

Vps
ion,l = Vps

Scr,l Š Vps
H Š Vps

XC. (3.58)

This potential is semi local since each angular momentum component feels a

di � erent potential[123, 126]. In order to save computer time the total potential is

usually split in a local part and a separable non-local part [124]

Vps
ion,l = Vps

loc +
�

l

|Vps
nonloc,l �

ps
l �� � ps

l Vps
nonloc,l |

� � ps
l |Vps

nonloc,l |�
ps
l �

. (3.59)

where |� ps
l � = Rps

l (r)Ylm(ø).
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General Norm-conserving PPs

In order to improve the quality of the pseudo potential, it can be built using

several pseudo-wave functions at di � erent energies spanning the energy range of

interest in the solid [125]. Let use i as a composite quantum number. Let |� i � be

the non-self-consistent solution at arbitrary � i for the one electron problem using

VAE = VKS[� AE](r) where � AE is the density from a self consistent atomic calculation.

One builds a smooth local potential Vloc that equals VAE beyond some rloc
c and PS-

wave functions |� ps
i � which satisfy 1 and 2 beyond some rcl, have properties 5, 6

and 7 and satisfy the generalized NC condition Qji = 0, where

Qji = � � j |� i � r�
Š � � ps

j |� ps
i � r�

. (3.60)

r� is a radius large enough that pseudo- and AE-quantities coincide. Then one

completes the PP adding to Vloc the non-local term

Vnonloc =
�

i j

Bij |� i �� � j | (3.61)

where Bji = � � ps
j |(� i Š T Š Vloc)|�

ps
i � and |� i � =

 
j [B]Š1

ji |(� j Š T Š Vloc)�
ps
j � . Using the

Schrödinger equations for |� i � and |� ps
i � one can show that by construction

Bij Š B�
ji = (� i Š � j)Qij (3.62)

and therefore the PP is Hermitian when the generalized NC condition is satis Þed.

Ultrasoft PPs

Ultrasoft pseudo potentials [127] are not norm-conserving. The main motivation

for dropping this condition is the gain in ßexibility in the cut-o � radius. In Þrst row

elements and transition metals for example, one can not Þnd PS-wave functions

which are smooth enough since it would require rc larger than the upper bounds
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imposed by the norm-conservation. When the NC condition is relaxed B is not

Hermitian but one can still de Þne an Hermitian pseudo potential by

Vnonloc =
�

i j

Dij |� i �� � j | (3.63)

where Dij = Bij + � jQij . With this construction the pseudo-wave functions satisfy

a generalized eigenvalue problem (H Š � iS)� ps
i = 0 where the nonlocal overlap

operator is

S = 1 +
�

i j

Qij |� i �� � j | (3.64)

and � � ps
i |S|� ps

j � r�
= � � i |� j � r�

. By lifting the NC condition, one can make each

PS-wave function to agree with the AE one beyond its outermost extremum, so

improving their smoothness. It has the consequence that the density produced by

the solid variational vectors � ps
nk is charge-deÞcient. They are normalized according

to � � ps
nk |S|� ps

n� k � = � nn� . The valence charge is restored in each self-consistent iteration

by the deÞnition

nv(r ) =
�

nk

|� ps
nk (r )|2 +

�

i j

� i j Qij (r ) (3.65)

where

Qij (r ) = � �
j (r )� i (r ) Š � ps�

j (r )� ps
i (r ), (3.66)

� i j =
�

nk

� � ps
nk |� j �� � i |�

ps
nk � . (3.67)

The secular equation for the solid PS-wave functions becomes

(T + Vloc + Vnonloc Š � nk S)|� ps
nk � = 0 (3.68)

where the potentials used are now those with the screening correction (i.e. the self

screening due to the atomic pseudo-wave function is subtracted and replaced by

the screening calculated self consistently with the solid pseudo-wave function).



3.4. Mean Þeld. Hartree-Fock 73

Pseudo potentials are full potentials. With PPs, calculation are accurate over

a wide energy range of valence states. Another advantage is that, since the core

states do not take part in the solid calcul ation, the number of digits that has to

be considered in the calculation is reduced. With ultrasoft pseudo potentials the

plane wave expansion can converge rapidly.

3.4 Mean Þeld. Hartree-Fock

The most complete e� ective functional theory is that of Baym and Kadano � (BK).

It aims to compute the exact Green’s function G(x, x� ) = Š� T̂� (x)� • (x� )� and in-

troduces the single-particle self energy (
 ) as constraining Þeld. (
 ) is what has

to be subtracted to the inverse of the non-interacting Green’s function to produce

the inverse of the exact Green’s function, GŠ1 = GŠ1
0 Š 
 . This can be written as

Dyson’s equation

G = G0 + G
 G0

�

=
�

+
�

Due to the computational cost of BK, many mean Þeld approximations (MF)

have been developed. By MF, one understands any approximation to the many-

body problem which neglects spacial correlations ( ßuctuations). Fluctuations

are crucial in low dimensional systems. For a MF to be meaningful one has

to prove that the ßuctuations which have been neglected, do not destroy the

MF solution. MF theories have been proved to be accurate in more than three

dimensions. Application of MF to low dimensional systems (1 or 2 dimensions)

can wrongly predict a continuous symmetry breaking and establishment of long

range-order, which could be forbidden by Mermin-Wagner’s theorem [128–131].

In three dimensions MF theories are qualitatively right. A main issue is that the

critical temperatures for spontaneous symmetry breaking are often overestimated
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[131] and the critical exponents that characterize the dependence observablesvs

control parameters around critical points, are not right in most cases.

Hartree-Fock approximation (HF) is a static mean Þeld which neglects time

and spatial correlations. Hartree and exchange energies are fully included. The

interaction functional is restricted to the diagrams

�� HF =
1
2

�

i j
�

i j +
�

i j , (3.69)

where all orders of Hartree and exchange interactions are added. If one replaces all

the interacting-electron propagators (t hick lines) in Eq.(3.69) by bare propagators

(thin lines), the result is the Þrst order perturbation theory [132]. With the HF

functional, the derivation 
 = � �� HF
� G gives9

�

=
�

+
�

(3.70)

and consequently Dyson’s equation takes the form [133]

�

=
�

+
�

+
�

. (3.71)

HF-Dyson’s equation is solved iterativ ely until self-consistency is achieved.

9The interaction functional depends of the interacting-electron Green’s function (thick line).
Curly lines represent e-e interactions. A derivative with respect to G is done by eliminating one
thick line from vertex to vertex.



3.4. Mean Þeld. Hartree-Fock 75

3.4.1 HF equations for a multi-band Hubbard’s model

When the electron Þeld is expanded on a basis of localized orbitals and the imagi-

nary time dependence is Fourier-transformed

ˆ� � (x) =
�

jn	

eŠi� n� � 	 (r Š R j)ĉj 	� (i� n), � n = (2n + 1)� T, n � � , (3.72)

electron-interaction functional becomes

�� [G] =
1
2

� 1

0
d�

�

�� �

� 


0
d�

�
dr dr � � ˆ� •

� (x) ˆ� •
� � (x� )vc(r Š r � ) ˆ� � � (x� ) ˆ� � (x)� �

=
T
2

� 1

0
d�

�

j�� �

	
��
nn� m

v	
,�� � ĉ•
j 	� (i� n+m)ĉ•

j 
� � (i� n� Šm)ĉj �� � (i� n� )ĉj �� (i� n)� � .

It is diagonal in the lattice site because the overlap between states at di� erent cells

was assumed to be negligible. Fourier-transforming in space it takes the form

�� [G] =
T
2

� 1

0
d�

�

�� �

	
��
kk� K

v	
,�� � ĉ•
	� (k + K)ĉ•


� � (k� Š K)ĉ�� � (k� )ĉ�� (k)� � . (3.73)

where k = (i� n, k ). Its HF approximation is

�� [G]HF =
T
2

�

	
�� � k

v	
,
	

�
� ��

		 (k )� � � � �



 (Šk ) Š � �� �

	
 (k )� � � �

	 (Šk )

�

+ v	
,	


�
� ��

	
 (k )� � � � �


	 (Šk ) Š � �� �

		 (k )� � � �


 (Šk )

�

+ v		,



�
� ��

	
 (k )� � � � �

	
 (Šk ) Š � �� �

	
 (k )� � � �
	
 (Šk )

�
(3.74)

where

� �� �

	
 (k ) =
�

n,k �

G�� �

	
 (i� n, k � + k , i� n, k � ) (3.75)
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and Green’s function is diagonal in � n

G�� �

	
 (k, k� ) = � ĉ
� � (k� )ĉ•
	� (k)�

= � n,n� � ĉ
� � (i� n, k � )ĉ•
	� (i� n, k )� , (3.76)

as for any time invariant systems. The HF interaction functional de Þned by (3.74) is

obtained directly from the diagramatic representation as well as taking the thermal

average in Eq. (3.73) over an ensemble ofnon-interacting particles using Wick’s

theorem [134]10. The HF self-energy

� �� [G]HF

� G�� �

	
 (i� n, k , k � )
= � 	
 � �� �

�

�� ��

v	�,�	 � � �� � ��

�� (k � Š k) Š v	
,
	 � � � �

	 (k � Š k)

+ � �� � v	
,	


�

� ��

� � �� � ��


	 (k � Š k) Š � 	


�

�

v	�,	� � � � �
�� (k � Š k)

+ � �� � v		,



�

� ��

� � �� � ��

	
 (k � Š k) Š v		,

 � � � �
	
 (k � Š k)

= 
 �� �

	
 [G](k Š k � ) (3.77)

does not depend on � n which implies that quantum ßuctuations are neglected.

Eq.(3.77) together with GŠ1 = [G0]Š1 Š 
 form the complete system of HF-

equations. The non interacting Green’s function is [ G0]Š1
	
 (i� n, k ) = � 	 |i� n + µ Š

H0(k )|
 � . HF equations are actually solved through the diagonalization of HE� (k ) =

H0(k ) + 
 (k ), which at the same time gives the HF-band structure of the system.

Let � j(k ) be the eigenvalues of HE� (k ), and A j	� (k ) the eigenvectors (the elements

of the transformation matrix between particle operators ĉ	� (k) and independent

quasi particle operators ĉj� (k)). Then

� ĉ
� � (i� n, k � )ĉ•
	� (i� n, k )� =

�

l j

A j	� (k )A�
j
� � (k � )� ĉj� � (i� n, k � )ĉ•

l� (i� n, k )� . (3.78)

10In one of its forms, Wick’s theorem says that when the thermal average is done over an
ensemble of non-interacting particles � c•

	 c•

 c� c� � = � c•

	 c� �� c•

 c� � Š � c•

	 c� �� c•

 c� � .
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Using Eq.(B.42) it is easy to show that

� ĉj� � (i� m, k � )ĉ•
l� (i� n, k )� = � n,m� k ,k � � j,l

	
i� n + µ Š � j(k )


Š1
, (3.79)

and therefore

G�� �

	
 (i� n, k ) =
�

j

A j	� (k )A�
j
� � (k )

i� n + µ Š � j(k )
. (3.80)

Using Eq.(B.43) the Grand potential � = Š ln � is

� (
, µ ) = Š
�

kj

ln
�
{i� n + µ Š � j(k )}


�
Š Tr G
 + �� [G]HF. (3.81)

The occupation matrix is obtained also from the thermal Green’s function as

� �� �

	
 =
T
Ns

�

k

ei� n0+
G�� �

	
 (i� n, k ). (3.82)

With the aid of the identity (for the Fermi-Dirac distribution NFD(x))

T
��

n=Š�

ei� n0+

i� n Š x
=

1
e
 x + 1

= NFD(
 x), (3.83)

the occupation matrix and the thermodynamic potential become

� �� �

	
 =
1

Ns

�

jk

NFD

�

 {� j (k ) Š µ}

�
A j	� (k )A�

j
� � (k ) (3.84)

� (
, µ ) = Š
�

jk

ln
�
1 + e
 {µŠ� j (k )}

�
Š Tr G
 + �� [G]HF. (3.85)

The Þrst term of the r.h.s. of (3.85) is the free energy of the HF non-interacting

particles. The other two terms subtract the average interaction energy which is

included in every single particle self energy and is otherwise counted double.
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3.4.2 Time-dependent HF. Response functions of interacting elec-

trons

Time-dependent HF is an extension of the HF method which allows to compute

the response functions to external Þelds that couple to the observables (i.e. the

spin and density). In the linear response approximation, the perturbation O(r , t) of

an observable from its mean value due to the coupling to a Þeld h(r , t) is formally

given by

O(t, r ) =
� t

Š�
dt�

�
dr � � (r Š r � , t Š t� )h(r � , t� ) (3.86)

where � (R , � ) is the response function, which vanishes identically ( � (r , � ) � 0)

for � < 0 according to the causality principle. As for any convolution integral,

Fourier’s transforms are related by a simple product

O(q, � ) = � (q, � )h(q, � ). (3.87)

The susceptibility with respect to any particular periodic Þeld can then be com-

puted from O, as its derivative with respect to the Þeld with the same periodicity.

Response of Non-inte racting electrons

The total spin operator coupled to a static magnetic Þeld (in zdirection), modulated

with wave vector q, is

S(q) =
�

k

Sk (q)

=
�

k

�
c•

� (k + q)c� (k ) Š c•
	 (k + q)c	 (k )

�
; (3.88)
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When c� (k ) and cy
� (k ) are written in terms of the operators in real space c� (k ) =

1
Ns

P
j cj� e� ik � r j ,

S(q) =
X

j

Sje
iq�r j

=
X

j

�
cy

j" cj" � cy
j#cj#

�
eiq� r j : (3.89)

E.g.,q = 0 corresponds to parallel alignment of all the spins and q = � corresponds

to alternate orientations (antiferromagnetic-like).

Using the Eq.(3.34), the orbital resolved susceptibility i n the absence of long

range order (paramagnetic phase) is

� k ;k 0

�;�
(q) = � hSk � (q)Sk 0� (� q)i : (3.90)

The thermal average over the ensemble of non-interacting HF quasi particles can

be done with the aid of Wick's theorem, resulting in

� 0
k ;k 0

�;�
(q) = �� k ;k 0� q

h
� �� hcy

� (k + q)c� (k
0)i � h cy

� (k + q)c� (k
0)ihcy

� (k
0 � q)c� (k )i

i
: (3.91)

Spin indexes are omitted since up- and down-spin operators h ave identical av-

erages in the paramagnetic phase. Using the eigenvalues� n(k ) and eigenvectors

An� (k ) of the e� ective Hamiltonian and taking into account that hcy
n(k )cm(k 0)i =

� n;m� k ;k 0Fnk where Fnk = NFD

�
� f� n(k ) � � g

�
, one obtains for the q = 0 state-resolved

isothermal susceptibility

� 0
k ;k 0

�;�
(0) = �� k ;k 0

h
� �� � �;� (k ) � � �

�;� (k )� �;� (k )
i
; (3.92)

where

� �;� (k ) =
X

n

Fnk Ay
n� (k )An� (k ): (3.93)
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The total spin susceptibility of non-interacting particle s � 0(q) = 1
Ns

P
kk 0

��
� 0

k ;k 0

�;�
(q)

equals �
Ns

P
k n Fnk (1 � Fnk ).

Response of interacting electrons in the HF approximation

The HF decoupling creates a non interacting system which giv es the Green's func-

tion of the interacting system without correlations. Howev er, the susceptibility of

this non interacting system � 0
SS is not the susceptibility of the interacting one. It

measures the response of the particles with respect to the e� ective �eld, not with

respect to the external �eld applied.

S = � 0be� (3.94)

The e� ective Hamiltonian also changes when a �eld is applied. be� is a composition

be� = b + bind of the external �eld b plus the induced �eld bind resulting from the

modi�cation of the self-energies � . Since the interaction is quadratic in spins, the

induced �eld depends linearly on them (in matrix form bind = US) and then

S = � 0(b+ US) ) � = (1 � � 0U)� 1� 0 (3.95)

In other words, a magnet sitting in the lattice feels the exte rnal �eld plus the �eld

induced through the rearrangement of the surrounding magne ts. The interaction

kernel is in general

Uk ;k 0

�;�
(q) =

@bind ;� k (q)

@S� k 0(q)
; (3.96)

which is a Fourier transform of the interaction potential, d epending on the in-

teraction integrals and the relative position of the states . When solving equation

3.95 one generally faces the problem of long-matrix inversi on and long-matrices
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multiplication. For example, Eq.(3.95) can be written as

[� ] � 1
k ;k 0

�;�
(q) = [� 0] � 1

k ;k 0

�;�
(q) � Uk ;k 0

�;�
(q); (3.97)

If only on-site interactions are considered, the interacti on kernel loses all wave-

vectors dependences and equals the on-site exchange integral.

U �� =
1
2

v��;�� : (3.98)

In this case, the summation over wave vectors can be done independently and

the problem is reduced to the inversion of matrices of small s ize (the number of

orbitals per site). Another tractable case is the one of in�n ite range interactions,

where the interaction kernel becomes diagonal in ( k , k 0); this has no practical

interest.

The density-density response is obtained similarly to the s pin susceptibility.

One has to �nd the change in the e � ective �eld coupled to the occupation numbers

due to the change in the occupation numbers. When only on-sit e interactions are

considered, from Eq.(1.11)U �� =
@hind ;�

@n�
is

U �� = �
1
2

�
2v��;�� � v��;��

�
(3.99)

The speci�c heat of the electrons can be obtained from the grand potential


 [n(�; � ); S(�; � )](�; � ) as c = � � 2

Ns

�
@2

@�2

�

�
where the chain rule has to be applied

through the occupation numbers n and and spins S. One gets in the paramagnetic

phase

c = �
� 2

Ns

 
@2

@�2

! 0

�

+ �� SSb
2 + � 3

 
@n
@�

! 0

�

�
� 0

nn

� � 1
� nn

�
� 0

nn

� � 1
 
@n
@�

! 0

�

; (3.100)
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where the superscript 0 means that derivatives are taken with mean �elds locked

(as external parameters of a non interacting system). Sub indexes SSand nn are

introduced in order to distinguish spin and charge suscepti bilities. The �rst term

is the speci�c heat of a e� ective non interacting system

c0 = �
� 2

Ns

X

jk

f� j(k ) � � g2N
0

FD(� f� j(k ) � � g); (3.101)

and is positive. The third term in the r.h.s. is the contribut ion from the Coulomb

interaction between electrons at zero magnetic �eld. It has to be understood as a

matrix multiplication; a quadratic form of the � -derivatives of the occupations

 
@n�

@�

! 0

�

=
1

Ns

X

jk

jA j� (k )j2f� j(k ) � � gN
0

FD(� f� j(k ) � � g): (3.102)

The second term gives the polarization contribution in the l owest order expansion

around the zero �eld b. Second and third terms are quadratic forms and they are

positive if the respective susceptibilities are.

3.5 Band structure, DOS and population analysis

Quasi particles band structure � i (k ) and eigenvectors� i (k ) are intermediate objects,

e.g. in DFT and HF, for the computation of an observable in e � ective functional

theories. In general, they do not represent the actual single electron states and

excitation spectra but they can be a good approximation. HF b and structure

misses the correlation between the electrons and tends to overestimate the gap of

insulators. KS-orbitals in DFT are not true electron states but they can be a good

starting point when e-e interaction is not a dominant energy scale.

Band structure � i(k ) are scalar functions of a wave vector that spans the unit

cell in a 3-D reciprocal space (for 3-D systems). Its graphical representation is

done by choosing straight-line paths joining relevant symm etry points which are
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represented in a x � y graph. In this way, main features like band dispersion in

di � erent directions and band gap are captured while keeping the graph readable.

Density of states (DOS) accounts for how many states are around each energy

value. At zero temperature, those states under the Fermi level are fully occupied

and therefore the density of states tells how many electrons have, in average, the

corresponding energy. DOS is computed as

DOS(E) /
X

i

Z
dk � (E � � i(k )) (3.103)

where the proportionality constant, which depends on the de sired normalization,

was left out. The DOS can be projected onto linear combination of atomic orbitals

in order to extract the contribution from states with di � erent symmetry and /or cen-

tered at speci�c atoms. This will, however, depend on the bas is chosen and much

care has to be taken with the completeness of the basis or under representation

of the electronic density, which can lead to unphysical part itioning. If the band

structure calculation was performed using spherical harmo nics as a basis set, like

in LMTOs and DMol 3 package, the projection onto partial waves is rather straig ht

forward. When the calculation is done using PWs like in CASTE P, PWs have to

be projected onto LCAO formed by the states with the desired s ymmetry. Let

j' � (k )i be Bloch's vectors generated by the LCAO of type � from a set, satisfying

the conditions

h' � (k )j' � (k )i = S�� (k ) and h' � (k )j' � (k )i = � �� : (3.104)

The quality of the projection generated by this basis is eval uated by the spilling

parameter

� =
1
N

X

i

Z
dk h� i(k )j1 � p̂(k )j� i(k )i (3.105)
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where N is the number of PW-states, and the projector p̂(k ) is

p̂(k ) =
X

�

j' � (k )ih' � (k )j: (3.106)

If the basis set represents perfectly the electron density, the projector is equivalent

to the identical operator. The spilling parameter varies fr om zero (perfect repre-

sentation) to 1. The dual j' � (k )i of a vector j' � (k )i is given in terms of the basis

and the overlap matrix Sby

j' � (k )i =
X




[S] � 1

� j' � (k )i : (3.107)

Using �̄ i(k ) = p̂(k )� i(k ), which is the projection of the � i(k )s on the subspace

covered by the ' � (k )s, the density operator may be de�ned as

�̂ (k ; E) =
X

i

ni � (E � � i(k ))j�̄ i(k )ih�̄ i(k )j (3.108)

and the density matrix takes the form

� �� (k ; E) = h' � (k )j�̂ (k ; E)j' � (k )i : (3.109)

The usage of the dual j�̄ i(k )i in the de�nition of the density operator is necessary in

order to ensure the normalization properties of the operato r, regardless the under-

representation of the electron density. Therefore, under- representation due to the

incompleteness of the projector will result in a redistribu tion of the total charge.

A charge larger than the actual value might be assigned to orb itals included in

the projection, and the signature of this is a large value of t he spilling parameter.

When the LCAO makes a complete projection of the electron den sity (i.e. � = 0)

�̄ i(k ) � � i(k ) and j�̄ i(k )i is identical to j� i(k )i .
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The partial density of states of type � is

DOS� (E) =
X

�

Z
dk � �� (k ; E)S�� (k ): (3.110)

Similarly, the total charge accumulated in orbital � in atom X is calculated as

Q� (X) =
onXX

�

Z
dE

Z
dk � �� (k ; E)S�� (k ); (3.111)

the total charge in atom X is Q(X) =
P

� Q� (X), and the overlap population between

two atoms X and Y is

Q(XY) = 2
onYX

�

Q� (X): (3.112)

Mulliken's charge of an atom in a solid is the di � erence between the charge

of the atom core and Q(X). Mulliken's[135] charges are commonly used as a

complementary construct for the understanding of electron ic structure but it is

a semi-quantitative or qualitative criterion rather than q uantitative. Mulliken's

charges depend on the basis chosen, best use is achieved whenthe same states are

used in the charge partitioning for several structures and t he analysis is done in

a comparative rather than absolute way. For example, in ioni c compounds, it is

known that cation states are mixed with the anion valence sta tes in the formation

of the anion band; therefore, part of the charge of the anion b and will appear in

the cation centers in Mulliken's analysis. For a reliable Mu lliken's analysis, one

should �rst ensure that the spilling parameter for every str ucture under study

is not larger than few percents. However, even when the elect ronic structure

was solved directly on a spherical harmonics basis, the physical interpretation

of the Mulliken charge is limited to semiquantitative analy sis. The application of

Milluken's analysis to metallic systems has not a clear mean ing and any conclusion

should be crossed checked with other criteria.

There are other more physical ways to charge partitioning; B ader[136, 137] and
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Hirshfeld[138] methods amongst them. In Bader's analysis, the spacial limits of

ions (atoms) are de�ned by surfaces of zero �ux (the surface o n which the charge

density has a minimum along any path perpendicular to the sur face) and the total

charge of each atom is the di� erence between the core charge and the integrated

electron density over the atom volume. Bader's analysis has proven to be a

good absolute measure of the charge of atoms. Hirshfeld's method computes the

atoms charges by integration of the charge-deformation �el d over the cell volume,

weighted by the sharing function. The charge-deformation a t any point is the

di � erence between the charge density of the compound and the charge density

of the unrelaxed atoms properly centered at their crystallo graphic positions. The

weight of the atom � given by the sharing function is

! � (r ) = � atm
� (r � R � )

2
6666664

X

�

� atm
� (r � R � )

3
7777775

� 1

: (3.113)

Generally, Hirshfeld's partitioning gives smaller values than Mulliken's partition-

ing and actually underestimates the charge values in some cases.

E� ective valence charges and overlap population give a semi-quantitative cri-

teria of the ionicity of compounds [139]. E � ective valence charge is the di� erence

between the formal valence of the atom and the computed charg e. A value of zero

means that the system is perfectly ionic whilst values great er than zero indicate

more covalency. The overlap population is a measure of the “c ommunication”

between the electronic populations of two atoms 11. Positive and negative val-

ues indicate bonding and anti bonding states respectively. Values close to zero

indicates that there is no signi�cant mixing.

11Not to be confused with electron electron interaction of ele ctrostatic origin. Population inter-
action is referred to the mixing of the states as a consequence of the overlap and has nothing to do
with actual interaction which correspond to non-linear ter ms in the Hamiltonian.
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4.1 Settings of the calculations

All electronic structures were solved using Ultra-Soft PP (described in 3.3.3; built

in Material Studio) and the TB-LMTO-A SA program of Andersen group (subsec-

tion 3.3.2). Within the PP scheme, CASTEP module [140] (PW-basis) and DMol3

package (which uses spherical harmonics and numerical-radial functions as basis)

were used.

Settings for CASTEP

In CASTEP, pseudo potentials are used in reciprocal space by default, but also

operations in real space are made which is suitable for operators that are diagonal

in a real space representation. For an e� cient change of representation, Fast-

Fourier-Transform (FFT) is used. A more detailed description of methods and

approximations used in CASTEP can be found in the user Help and references

therein[140] .

Systems were treated as spin-polarized with variable occupancy, as recom-

mended, treating them as metallic. Since spin-polarized calculations can converge

to a local minimum which might be the closest to the initial spin con Þguration,

several runs were done, each one with a di� erent initial spin con Þguration.

Aiming to test the robustness of the calculations, two minimization schemes

were used; Density-Mixing (DM) [141] and the common All-Bands /EDFT (EDFT).

DM breaks the self-consistency cycle in two steps: minimization of the eigenvalues

for a Þxed potential and then mixing the new and old densities and updating the

potential. EDFT works in a more traditional way, it varies all the coe � cients of the

PW expansion of the total wave function, in order to minimize the total energy. We

87
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took Perdew-Burke-Erzenhof (PBE)[112] ultrasoft exchange-correlation potential

with generalized gradie nt approximation (GGA).

Calculations were done with the choice of maximum accuracy in the SCF tab

(i.e. ultraÞne SCF tolerance, ultraÞne energy cut-o� , ultra Þne k-point set and a

precise grid for FFT). Calculations were repeated with a customized Þner tolerance

of 10Š9 eV. The number of empty bands was raised from 20% (default value) to

30% in order to avoid unphysical restriction of available states, as recommended

for spin-polarized calculations.

As it will be shown, the use of default basis settings for ultrasoft pseudo po-

tentials, and the consequent projection of the bands onto LCAO, can result in

values for the charge spilling larger than desired. In order to judge possible un-

derrepresentation of the electronic structure and aiming at improving the results,

the calculations were repeated generating the pseudo-potentials on the ßy which

allows us to change the default settings for the number of basis functions and

atomic orbitals included in the projector.

Settings for LMTO-ASA

All calculations were done as recommended in the user manual supplied with

the LMTO package. In the cases of SrSi, BaSi and ScSi the introduction of empty

spheres (ES) was necessary in order to reduce the interstitial space without in-

creasing the overlap. It is always possible to Þll up the space with spheres of

di � erent radii with an arbitrary small over lap. For optimal calculation, there is a

default compromise for the overlap and the size of the spheres. For ScSi, it was

necessary to reduce the minimum radius for the ES from the default (1.25) to 1.00.

As example of the settings, the Þnal CTRL Þle from the calculation of ScSi is shown

in Table A.3 .

For more information on this code, its use, up-to-date versions and more about

band structure calculations with MTOs, see the web site[142] of the O. K. An-



4.2. Results and discussion 89

dersen’s department at the Max Plank Institute (MPI) for solid state research

-Festkörperforschung (FKF)- in Stuttgart.

Settings for DMol 3

The DMol 3 package of Materials Studio uses fully numerical radial functions. The

numerical representation of the radial function has proven to be very e � cient[143]

and the spherical harmonics are well suited for the partitioning of atomic charges

onto partial waves. The DMol 3 module allows for computation of the e � ective

charges following Mulliken’s analys is as well as Hirshfeld’s method.

All were performed using the atomic basis set double-numerical (DNP) and

a Þne grid in reciprocal space. Three di� erent runs were done for each system

using di � erent exchange correlation potentials: the one due to Perdew and Wang

(PWC)[111] with local density approximat ion (LDA), the BP functional in the GGA

(Perdew[144] and Becke[145]) and the PW91[144] which also works in the GGA.

4.2 Results and discussion

Comparison of total DOS obtained using plane waves with ultrasoft peudo-

potentials (PW-UPS) with density-mixing (DM) and standard DFT (All), and using

TB-LMTO-ASA, is shown for the CaSi, SrSi, BaSi, ScSi, YSi and LaSi(FeB) inFig.

4.1, Fig. 4.2, Fig. 4.3, Fig. 4.4, Fig. 4.5 and Fig. 4.6 respectively. In each of the

Þgures, the left panel contains the result from the CASTEP module using density

mixing as self-consistent algorithm, the central panel corresponds to the calcu-

lations with EDFT and the right panel shows the results from the LMTO-ASA.

In order to display in details the most relevant states, we chose to present the

DOS in an energy window of nearly 1 Ry (from -12 eV to 2 eV with respect to the

Fermi level), excluding the deep metal-core (or semicore) states. The latter have

very small overlap and mixing with the valence states; they produce deep ßat
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bands and therefore very narrow and large peaks in the DOS. In the left panel,

the black line corresponds to the calculations done with the pseudo-potentials

from the database whilst the grey line shows the results obtained generating the

pseudo-potentials on the ßy.

Fig. 4.1: CaSi DOS from di� erent methods.

Fig. 4.2: SrSi DOS from di� erent methods.
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Fig. 4.3: BaSi DOS from di� erent methods.

Fig. 4.4: ScSi DOS from di� erent methods.

For the six systems, the output from the two di � erent SCF algorithms within

the PW method are quite identical. The results from LMTO are also in very good

agreement with those from PW calculations. As it will be shown later, the changes
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of the pseudo-potential and atomic basis do make di � erences in those results

related with the projection of the bands onto LCAO.

Fig. 4.5: YSi DOS from di � erent methods.

Fig. 4.6: LaSi DOS from di � erent methods.

For the generation of the PP on the ßy, the following changes were done. For
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SrSi, using the database, the Sr-4d are not considered. They have been included

in the calculation OTF. For YSi, the Y-3s and Y-3p are considered core states, they

were changed to semi core states. The La-4f were included, they are excluded by

default.

Table 4.1: Binding energies using pseudo-potentials (PP) from database (DB) and gener-

ated on the ßy (OTF)

Material Total energy with DBPP (eV) Total energy with OTFPP (eV)

CaSi -17.0763 -17.0950

SrSi -16.1055 -16.0987

BaSi -16.4293 -16.3477

ScSi -23.6705 -23.6486

YSi -22.9526 -23.3123

LaSi -46.1195 -46.7129

Table 4.2: Spilling parameters, Mulliken’s charges and e � ective valence obtained with PP

from the database (DB) and generated on theßy (OTF)

Material Carge Spill. (10Š2) All-bands spill. (10 Š2) Ion charge (e)

DB OTF DB OTF DB OTF

CaSi 0.60 0.60 3.22 3.18 0.82 0.82

SrSi 2.36 0.37 13.97 2.72 0.99 0.65

BaSi 1.48 0.26 2.83 1.92 0.77 0.57

ScSi 0.33 0.32 0.97 0.95 0.37 0.37

YSi 1.79 0.36 2.80 1.41 0.50 0.41

LaSi 0.27 0.27 1.21 0.71 0.43 0.41

Table 4.1 and Table 4.2 show total binding energies and spilling parameters,

respectively, obtained with both pseudo-potential series. Binding energies are
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rather unchanged by the modi Þcation in the pseudo potentials. For those cases

where the spilling obtained with the default basis and potentials were larger than

1%, the change of the basis taken for the PP generated on theßy, made a good

improvement. The charge transferred from the metal to the silicon was reduced.

That can be understood from the need of including excited atomic states in order

to properly project delocalized electrons.

Table 4.3: Identity di � erence for pseudo potentials generated on the ßy

Atom Si Ca Sr Ba Sc Y La

Identity di � erence (10Š3) 0.298 1.501 3.351 7.756 4.079 4.077 0.547

Table 4.3 shows identity di � erence for the projector of each of the atoms in-

volved in the calculations. It quanti Þes how well the identity operator is repre-

sented by the projector and its transferability, the smallest being the best. Values

in the oder of 10Š3 are already good. One can not discard that further changes

in the settings could give better results but the numbers so far are good and we

proceed with them.

4.2.1 Electronic structure of CaSi

Fig. 4.7 presents the band structure and the projected DOS. Core states (below

-12 eV) and are not shown. All bands above -12 eV result from s, p and d mixing.

Bands from -10 eV to -5 eV are mainly silicon s and p states. They show a large

dispersion from � to Z, T to Y and S to R, corresponding to the bonds along the

silicon chains. From -4 eV to EF, bands are formed mostly by Silicon p, Calcium d

states.

The system is predicted to be metallic, but the electronic conductivity might

be favored in the plane deÞned by the direction along the chains ( c) and chain
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Fig. 4.7: Band structure of CaSi from -12 eV to 2 eV, with respect to EF. The labels for the

symmetry points in the Brillouin zone represent: � = (000), Z=(001
2), T =( 1̄

2
1
2

1
2), Y =( 1̄

2
1
20), S

=(01
20), R=(01

2
1
2). Partial DOS of CaSi. s-, p- and d-states in dotted, dashed and solid lines,

respectively.

stacking direction 1 (note that the Fermi level is crossed fewer times and the bands

are ßatter in the 1
2 (a + b) direction) 2.

Table 4.4: CaSi Mulliken charges from CASTEP using pseudo-potentials on-the- ßy. Ref-
erence pseudo-atomic conÞguration Ca: 3s2 3p6 4s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.55 3.26 0.00 0.00 4.82 Š0.82 0.00
Ca 2 2.32 6.00 0.86 0.00 9.18 +0.82 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 0.91 0.00 2.455

Mulliken’s analysis computed with CASTEP, is displayed in Table 4.4. Since

all the atoms of a same species are electronically equivalent in the CrB structure

1The stacking direction corresponds to the a vector of the orthorhombic unit cell and to the
1
2 (a Š b) vector of the primitive cell.

2For metallic materials, a quasi-classical interpretation is valid around the Fermi energy ( EF).
For those bands crossing EF, the average velocity of the electrons in the Bloch state with wave

vector k and energy � n(k ) is given by v = �� n(k )
� k .



96 Chapter 4. Electronic structure of ÆSi and ESi

type, the charges are reported for only one entry per atom type. Orbitals involved

in the counting are the 3sand 3p of silicon and the 3s, 3p, 3d and 4s of calcium. Of

14 electrons, 8 are in calcium core states 3s and 3p below -12 eV. Only 0.82 of the 2

valence electrons of the Ca-4s atomic orbital are transfered to silicon. This is less

than the 50% of the formal transfer in the ideal ionic structure. Mulliken’s electron

transfer lesser than the ideal ionic valu es is a well known general phenomena.

When the anion band forms, it generally takes contributions from cation states,

as in any hetero-atomic bond. Since Mulliken’s charges are obtained from the

coe� cients of the expansion onto LCAO of the wave function, part of the anion

derived band will be always projected to cation states. So, by anion bands one

understands those with larger contribution from the formal anion. What is more

interesting in the case of CaSi is the signiÞcant contribution (0.86 e) of the d states

and the overlapping of the anion and cation bands. Atomic Hirshfeld’s charges

from CASTEP are 0.11e.

Fig. 4.8: Partial density of states of CaSi from LMTO. Under white area, total DOS; under

grey area, calcium mu� n-tin DOS; under black, calcium- d mu� n-tin DOS.

Mulliken and Hirshfeld charges computed within the DMol 3 package are given

in Table 4.5. Orbitals considered are Ca: 3d, 4s, 4p and Si: 3s, 3p, 3d. The values
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Table 4.5: CaSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

Ca

4s 0.446 0.446 0.503 0.503 0.467 0.467
4px 0.082 0.082 0.090
4py 0.074 0.081 0.087
4pz 0.057 0.213 0.049 0.212 0.057 0.234
3d

z2 0.046 0.046 0.045

3d
x2Šy2 0.022 0.022 0.022

3dzx 0.054 0.054 0.053
3dxy 0.080 0.080 0.079
3dyz 0.049 0.251 0.049 0.251 0.048 0.247

Si

3s 1.711 1.711 1.674 1.674 1.687 1.687
3px 1.086 1.079 1.081
3py 0.789 0.803 0.800
3pz 1.448 3.323 1.423 3.305 1.428 3.309
3d

z2 0.008 0.008 0.008

3d
x2Šy2 0.019 0.019 0.018

3dzx 0.012 0.011 0.011
3dxy 0.012 0.012 0.012
3dyz 0.007 0.058 0.007 0.057 0.007 0.056

Mulliken Atom Charge 1.090 1.034 1.051
Hirshfeld Atom Charge 0.155 0.154 0.147

obtained using three di � erent PP are very similar. Mulliken’s analysis results in

a larger (with respect to CASTEP results) occupation of Ca-4s valence states and

an even distribution between the excited 3 d and 4p. A small fraction of the charge

appears also in the silicon 3d orbitals . Ca-4p and Si-3d states were not included

in the projector in CASTEP. In spite of small quantitative di � erences, a main fact

is common to both analysis; i.e. signiÞcant participation of atomic exited states.

This can be related to electron delocalization. Indeed, the width of anion band

(
 3 eV) is large enough to lift the Si- � anti bonding states above the bottom of the

cation band, causing the charge transfer to the latter and the consequent metallic

behaviour. The participation of dorbitals is consistent with the triangular prismatic

coordination. Charge partitioning using Hirshfeld’s method gives Ca +0.152SiŠ0.152;

which is as usually, smaller than Mulliken’s analysis.
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The DOS from LMTO calculation is shown in Fig. 4.8. The relevance of metal-

atom states in the conductivity of this material is evident. Actually, the integration

of the DOS corresponding to MTOs centered at metal sites results in a nearly

vanishing e� ective charge.

Fig. 4.9: Spin <up> and charge <down > densities for CaSi. Plane cut (orientation): [100]
at x

a = 0 (� ), [001] at z
c = 1

4 (� ) and [010] at y
b = 1

2 (� )

Total spin absolute values obtained in all the calculations were in the order

of 10Š3 µB per formula unit (same order as experimental values, yet very small

and varying with the initial settings). Total energy from spin polarized and non-

polarized calculations are quite close. The spin-density pattern is nevertheless

stable and it is shown in the upper panels in Fig. 4.9, for three plane-cuts. The

spin density, whose maximum absolute value is of the order of 10 Š2 Å Š3, has been

evenly rescaled in the three panels to range between -1 ans 1. Atom centers are

o� plane in the [010] cut and have been labeled in bold-grey. The absence ofm

symmetry in the [010] is because the cut has been done slightly away from y
b = 1

2. In

general, moments are rather delocalized. In the lower panels, we show a color map
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of the electron density for the same plane-cuts, rescaled between 0 and 1. Lower

density in the center of metal atoms is due to the pseudo potential formalism. It

shows a large charge on the valence states of metal atoms.

4.2.2 Electronic structure of SrSi

Fig. 4.10: Band structure of SrSi from -12 eV to 2 eV, with respect to EF. The labels for the

symmetry points in the Brillouin zone represent: � = (000), Z=(001
2), T =( 1̄

2
1
2

1
2), Y =( 1̄

2
1
20), S

=(01
20), R=(01

2
1
2). Partial DOS of SrSi. s-, p- and d-states in dotted, dashed and solid lines,

respectively.

Fig. 4.10shows the band structure and DOS. Between -10 and -5eV one Þnds

mostly Silicon 3s and 3p states. These bands are dispersed along� – Z, T – Y and

S – R as result of orbital overlap along the silicon chains, whilst being ßat in other

directions. Between -4 eV and EF, bands have a dominant contribution of Si- p

followed by the Sr-4 d and Sr-5s, and small mixing with Si-3 s. In this range, most

of the bands are ßat along 1
2 (a Š b) and 1

2 (a + b) but steeper in the direction of the

silicon chains.

The Fermi level is crossed by few bands in the c and 1
2 (a Š b) directions. The
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peaks of the DOS are rather narrow than broad. It predicts the system as metallic

with low DOS at the Fermi level due to a small overlap between anion and cation

bands with dominant Si-3 pand Sr-4dcontributions. It is seeming a bad anisotropic

conductor, with a lowest conductivity in the 1
2 (a + b) direction, along which the

Fermi level is crossed by a rather ßat band. The width of the bands which are

formed mainly by the � system is approximately 4 eV.

Table 4.6: SrSi Mulliken charges from CASTEP using pseudo-potentials on-the- ßy. Refer-
ence pseudo-atomic conÞguration Sr: 4s2 4p6 5s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.54 3.11 0.00 0.00 4.65 Š0.65 0.00
Sr 2 2.30 5.99 1.06 0.00 9.35 +0.65 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 1.03 0.00 2.492

According to Mulliken’s analysis from CASTEP Table 4.6, total charge transfer

from the metal atom to silicon, is of nearly 0.65 eper formula unit. The fraction of

valence electrons, kept in the strontium atoms, is distributed amongst the valence

state Sr-5s and the excited state Sr-4d; the latter takes the signiÞcant number of

1.06 electrons. The absolute value of atomic Hirshfeld’s charges is 0.15e.

Mulliken and Hirshfeld charges from DMol 3 are disclosed in Table 4.7. Orbitals

considered are Sr: 4d, 5s, 5pand Si: 3s, 3p, 3d. The stability with respect to the usage

of di � erent PPs is evident. The results are also qualitatively similar to those from

CASTEP; e.g. the considerable contribution of excited states from metal atoms,

location of valence electrons in Sr-4d states (more than in the 5s) and in the Sr-5p.

At the silicon sites, the py orbital is the less populated amongst the valence states,

which corresponds to the direction perpendicular to the plane formed by the chain

and chain-stacking directions. As in CaSi, a small population is assigned to the

silicon 3d states. Mulliken ion charges amount to 0.886 electrons while Hirshfeld

charges only to 0.160.
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Table 4.7: SrSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

Sr

5s 0.353 0.353 0.332 0.332 0.341 0.341
5px 0.048 0.045 0.047
5py 0.051 0.058 0.059
5pz 0.048 0.147 0.040 0.143 0.043 0.149
4d

z2 0.119 0.121 0.116

4d
x2Šy2 0.054 0.053 0.051

4dzx 0.149 0.156 0.149
4dxy 0.189 0.197 0.189
4dyz 0.108 0.619 0.111 0.638 0.106 0.611

Si

3s 1.705 1.705 1.682 1.682 1.689 1.689
3px 1.057 1.067 1.066
3py 0.733 0.756 0.746
3pz 1.335 3.125 1.332 3.155 1.346 3.158
3d

z2 0.006 0.006 0.006

3d
x2Šy2 0.016 0.016 0.015

3dzx 0.011 0.011 0.011
3dxy 0.012 0.012 0.011
3dyz 0.005 0.050 0.005 0.050 0.005 0.048

Mulliken Atom Charge 0.881 0.886 0.897
Hirshfeld Atom Charge 0.152 0.160 0.157

Fig. 4.11: Partial density of states of SrSi from LMTO. Under white area, total DOS; under

grey area, strontium mu � n-tin DOS; under black, strontium- d mu� n-tin DOS; under red,

DOS from interstitial empty spheres.
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DOS from LMTO is shown in Fig. 4.11, where the contribution from metal-

atoms MTOs have been highlighted in grey, d component in black. The small DOS

at interstitial empty spheres is shown in red.

Fig. 4.12: Spin <up> and charge <down > densities for SrSi. Plane cut (orientation): [100]
at x

a = 0 (� ), [001] at z
c = 1

4 (� ) and [010] at y
b = 1

2 (� )

Total energies form spin-polarized and non-polarized calculations are nearly

the same; slightly smaller for the polarized ones. The total spin is in the order of

10Š3 µB per f.u. and changes with the initial settings. The spin density pattern is

stable, though. It is shown in the upper panels in Fig. 4.12, for three plane-cuts.

The spin density exhibits values in the order of 10 Š2 and it has been rescaled in

the graph, to range from -1 to 1. Moments distribution is di � used. In the lower

panels, we show a color map of the electron density for the same plane. Lower

density in the center of metal atoms is due to the pseudo potential formalism. One

can see the large charge on metal atoms as well as the delocalization along the

chains. A very di � used density is also observed connecting metal atoms amongst

them selves and with silicon atoms.
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4.2.3 Electronic structure of BaSi

Fig. 4.13: Band structure of BaSi from -12 eV to 2 eV, with respect to EF. The labels for the

symmetry points in the Brillouin zone represent: � = (000), Z=(001
2), T =( 1̄

2
1
2

1
2), Y =( 1̄

2
1
20), S

=(01
20), R=(01

2
1
2). Partial DOS of BaSi. s-, p- and d-states in dotted, dashed and solid lines,

respectively.

Fig. 4.13presents the band structure and the projected DOS. From -9 eV to -4.5

eV, silicon the 3sand 3p contributions are dominant with a very small mixing with

d states. These bands have a signiÞcant dispersion in the � – Z, T – Y and S – R

segments which correspond to the overlapping along the silicon chains. Above

-3.5 eV there is a strong mixing of the silicon 3 p states with the excited 5d state

of barium atoms and valence Ba-6s state. The small overlap of the orbitals along

directions perpendicular to the silicon chains is evidenced by the ßatness of the

bands in corresponding directions in reciprocal space.

Within the accuracy of the calculations one can say that the system is a bad

metal; either metallic with a low DOS( EF) due to the small overlap between the

cation and anion bands or a “zero band gap semiconductor”. EF is nearly at

a minimum of the DOS. BaSi is expected to have anisotropic conductivity, with
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Table 4.8: BaSi Mulliken charges from CASTEP using pseudo-potentials on-the- ßy. Ref-
erence pseudo-atomic conÞguration Ba: 5s2 5p6 6s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.56 3.01 0.00 0.00 4.57 Š0.57 0.00
Ba 2 2.23 5.97 1.23 0.00 9.43 +0.57 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 1.09 0.00 2.502

preference along the silicon chains and in the stacking direction. Nevertheless,

such a low DOS at EF can be an artifact of, the integration and underestimation of

Coulomb e� ects, and BaSi could be a nearly zero gap semiconductor.

Mulliken’s analysis in CASTEP is summarized in Table 4.8. The counting

includes silicon 3sand 3pand barium 5s, 5p, 5dand 6s. From the 6 valence electrons,

1.23 are projected ontod-states. A total of only 0.57 electrons is transfered to the

silicon. Due to the atom size, the metal d states mix better with the silicon states

and the occupation of the barium 6 s is reduced with respect to Sr and Ca. As for

the case of calcium and strontium, this low occupation of s valence states with a

transfer of electrons to the 5dorbitals is in contrast with the conventional picture of

group-IIA metals, for which the active electrons are normally treated as s-waves;

but is is in agreement with the triangular-prismatic coordination of the metal in

these structures. Hirshfeld’s analysis gives a net charge of 0.14eper ion. Electrons

in the Ba-6s orbital were not treated as relativistic. Lowering of the orbital energy

and contraction are the main e� ects expected, which might increase its occupation

and diminish its contribution to the bonds. This can reduce the charge transfered

to silicon atoms.

Mulliken’s and Hirshfeld’s charges from DMol 3 with three di � erent PPs are

shown in Table 4.9. Orbitals considered are Ba: 5d, 6s, 6p and Si: 3s, 3p, 3d. These

results are qualitatively similar to tho se from CASTEP calculations. Mulliken

analysis shows a considerable localization of metal valence electrons in the atomic
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Table 4.9: BaSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

Ba

6s 0.238 0.238 0.229 0.229 0.225 0.225
6px 0.003 0.000 0.007
6py 0.000 0.000 0.010
6pz 0.007 0.010 0.001 0.001 0.001 0.018
5d

z2 0.165 0.169 0.162

5d
x2Šy2 0.096 0.096 0.092

5dzx 0.222 0.233 0.223
5dxy 0.252 0.265 0.253
5dyz 0.151 0.886 0.156 0.919 0.149 0.879

Si

3s 1.735 1.735 1.706 1.706 1.718 1.718
3px 1.079 1.086 1.087
3py 0.723 0.747 0.739
3pz 1.281 3.083 1.265 3.098 1.286 3.112
3d

z2 0.005 0.005 0.005

3d
x2Šy2 0.015 0.015 0.015

3dzx 0.012 0.012 0.012
3dxy 0.012 0.011 0.011
3dyz 0.005 0.049 0.004 0.047 0.004 0.047

Mulliken Atom Charge 0.866 0.852 0.879
Hirshfeld Atom Charge 0.123 0.137 0.133

excited 5d states, almost 4 times more than in the 6s. The occupation of the excited

6p state is rather tiny and smaller than in the compounds with metals of the upper

rows. The general trend along the group is that increasing the row number, the

contribution of the metal-atom excited d states increases whilst the contribution

of the valence s and the excited p states are reduced. At the silicon sites, the py

orbital is the least populated amongst the valence states, which corresponds to

the direction perpendicular to the plane formed by the chain and chain-stacking

directions. A small fraction of the electron density is assigned to the silicon 3 d

states, with preference in the d
x2Šy2. The introduction of these states seems to be

necessary for the representation of the di� used or delocalized electron density and

it is seemly reduced when the row number is increased along the alkaline-earth

group. Mulliken’s charge amount to 0.852 ewhile Hirshfeld’s charge to only 0.137.
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Fig. 4.14: Partial density of states of BaSi from LMTO. Under white area, total DOS; under
grey area, barium mu � n-tin DOS; under black, barium- d mu� n-tin DOS; under red, DOS
from empty interstitial spheres.

Fig. 4.15: Spin <up> and charge <down > densities for BaSi. Plane cut (orientation): [100]

at x
a = 0 (� ), [001] at z

c = 1
4 (� ) and [010] at y

b = 1
2 (� )

Projection of the DOS on metal-atom MTOs is shown in Fig. 4.14. A consider-



4.2. Results and discussion 107

able fraction of the electrons are located in the mu� n-tins of metal atoms where

the contribution of d states is shown in black.

Total spin values obtained in all the calculations were in the order of 10 Š3 µB

per f.u. (same order as experimental values), but they change, depending on the

initial settings. Total energies were quite similar. The spin density pattern is stable

and it is shown in the upper panels in Fig. 4.15for three perpendicular plane cuts.

It has been rescaled from absolute values in the order of 10Š2 Å Š3, to range from

-1 to 1. Moments seem delocalized with a stripes-like pattern. In the right panel,

electron density cuts are shown for the same planes, rescaled between 0 and 1.

4.2.4 Electronic structure of ScSi

Fig. 4.16: Band structure of ScSi from -12 eV to 2 eV, with respect to EF. The labels for the

symmetry points in the Brillouin zone represent: � = (000), Z=(001
2), T =( 1̄

2
1
2

1
2), Y =( 1̄

2
1
20), S

=(01
20), R=(01

2
1
2). Partial DOS of ScSi.s-, p- and d-states in dotted, dashed and solid lines,

respectively.

Fig. 4.16presents the band structure and partial DOS. From -11 eV to -5.5 eV

one Þnds a mixture of silicon 3 s and 3p states, with a very small contribution of
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scandium states. They generate broad bands in the segments� – Z, T – Y and S

– R due to the overlapping along the silicon chains. The better overlap of silicon

orbitals, in the stacking direction, due to the reduction in the lattice constants with

respect to CaSi, increases the dispersion of the bands in the segments Z – T and Y

– � . Form -5 eV to EF the bands are mainly a mixture of scandium 3 d and silicon

3p states, with some scandium 4p.

The extra Sc valence electron with respect to the Ca lifts the Fermi level which

then crosses bands of dominantd character mixed with Sc-4p and Si-3p states. The

larger dispersion of these bands is expected to correlate with the enhancement in

the conductivity of the system with respect to the CaSi. The system is a metal with

DOS(EF) 
 3 eVŠ1 per primitive cell.

Table 4.10: ScSi Mulliken charges from CASTEP using pseudo-potentials on-the-ßy. Ref-
erence pseudo-atomic conÞguration Sc: 3s2 3p6 3d1 4s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.41 2.96 0.00 0.00 4.37 Š0.37 0.00
Sc 2 2.22 6.64 1.77 0.00 10.63 +0.37 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 0.71 0.00 2.431
Si –Sc 0.07 0.00 2.757

Mulliken’s analysis withing the CASTEP package is shown in Table 4.10. Or-

bitals included in the projector are Sc: 3s, 3p, 3d, 4s, 4p and Si: 3s, 3p. The two

atoms of the same species in the unit cell are electronically equivalent; therefore;

only one is shown in the table. As in the former cases, 8 electrons are in core

states not shown in DOS pictures. The 4s formal valence states host only 0.22

e. The remaining 1.78 electrons per scandium atom are , 0.77 in the Sc-3d, 0.64

in the Sc-4p and 0.37 are transfered to silicon. The actual Mulliken charge of the

scandium (+0.37), quite far from the formal value for the most common oxidation

state Sc3+, is in agreement with the metallic character. Hirshfeld’s analysis gives

0.1eas e� ective atomic charges.
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Table 4.11: ScSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

Sc

4s 0.329 0.329 0.263 0.263 0.290 0.290
4px 0.126 0.118 0.116
4py 0.119 0.114 0.109
4pz 0.117 0.362 0.108 0.340 0.105 0.330
3d

z2 0.353 0.349 0.346

3d
x2Šy2 0.378 0.377 0.374

3dzx 0.342 0.339 0.336
3dxy 0.436 0.434 0.430
3dyz 0.406 1.915 0.402 1.901 0.399 1.885

Si

3s 1.589 1.589 1.561 1.561 1.579 1.579
3px 0.894 0.929 0.927
3py 0.780 0.829 0.819
3pz 1.031 2.705 1.076 2.834 1.070 2.816
3d

z2 0.016 0.016 0.016

3d
x2Šy2 0.035 0.035 0.035

3dzx 0.018 0.018 0.018
3dxy 0.014 0.013 0.013
3dyz 0.017 0.059 0.017 0.099 0.017 0.099

Mulliken Atom Charge 0.395 0.495 0.494
Hirshfeld Atom Charge 0.082 0.086 0.084

Population analysis from DMol 3 calculations with PWC, PW91 and BP pseudo

potentials are displayed in Table 4.11. Orbitals considered are Sc: 3d, 4s, 4p and Si:

3s, 3p, 3d. Results of Mulliken’s analysis for the three calculations are very similar

amongst them selves and are in qualitative agreement with CASTEP results. The

population of the valence 4 s state of the metal atom is reduced, not due to a

full transfer to the silicon but also due to the transfer to metal-atom exited states

4p and 3d. The population of 4 p and 3d states together amount to nearly 2.3 e

and Mulliken’s total charge is 0.461. Electrons in metal d states are distributed

rather equally amongst the 5 orbitals, indicating little crystal Þeld splitting. This

is consistent with the expected metallic behaviour. Silicon d states also take part

of the charge around silicon centers (nearly 0.1 electron with more than one third

in the d
x2Šy2 orbital) which is related to the electron delocalization. Hirshfeld’s
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partitioning gives an absolute charge of 0.084.

Fig. 4.17: Spin <up> and charge <down > densities for ScSi. Plane cut (orientation): [100]
at x

a = 0 (� ), [001] at z
c = 1

4 (� ) and [010] at y
b = 1

2 (� )

Spin polarizations obtained were in the order of 10 Š3 µB per f.u. The spin density

Þeld is shown in the upper panels in Fig. 4.9, for three plane cuts. Absolute values

peak to nearly 10Š3 µB Å Š3 (rescaled to range between -1 and 1). The pattern is

weak, di � use and delocalized, forming bands. Electron density is shown in the

lower panels. Metal atoms are seen to keep valence electrons which mix with the

di � use density along the chains. This is consistent with the low charge values

given by population analysis.

4.2.5 Electronic structure of YSi

Band structure and partial DOS are shown in Fig. 4.18. From -11 eV to -5 eV,

bands have a dominant s and p character coming from the silicon 3 rd shell. They

correspond to the formation of the chains and are therefore dispersed in this

direction and are rather ßat in the stacking and [010] directions. From -5 eV and
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Fig. 4.18: Band structure of YSi from -12 eV to 2 eV, with respect to EF. The labels for the

symmetry points in the Brillouin zone represent: � = (000), Z=(001
2), T =( 1̄

2
1
2

1
2), Y =( 1̄

2
1
20), S

=(01
20), R=(01

2
1
2). Partial DOS of YSi. s-, p- and d-states in dotted, dashed and solid lines,

respectively.

up to EF the bands are mainly formed by Y-4 d and Si-3p orbitals, with a smaller

mixing with from Y-5 p.

Table 4.12: YSi Mulliken charges from CASTEP using pseudo-potentials on-the- ßy. Ref-
erence pseudo-atomic conÞguration Y: 4s2 4p6 4d1 5s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.40 3.01 0.00 0.00 4.41 Š0.41 0.00
Y 2 2.26 6.44 1.89 0.00 10.59 +0.41 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 1.14 0.00 2.292

The extra d-electron with respect to Sr lifts EF making it fall on a peak of the

DOS, generated by the multiple crossing of some steeper and someßatter bands

of mainly d-character. The DOS(EF) is approximately 4 eVŠ1 per primitive cell. YSi

is metallic.

Table 4.12 shows Mulliken’s analysis from CASTEP calculations. Orbitals
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Table 4.13: YSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

Y

5s 0.573 0.573 0.430 0.430 0.551 0.551
5px 0.067 0.070 0.063
5py 0.063 0.070 0.063
5pz 0.081 0.211 0.080 0.220 0.074 0.200
4d

z2 0.358 0.350 0.351

4d
x2Šy2 0.340 0.351 0.331

4dzx 0.356 0.380 0.366
4dxy 0.273 0.313 0.280
4dyz 0.393 1.720 0.399 1.793 0.391 1.719

Si

3s 1.719 1.719 1.634 1.634 1.684 1.687
3px 0.955 0.974 0.960
3py 0.657 0.748 0.701
3pz 1.059 2.671 1.095 2.817 1.080 2.741
3d

z2 0.013 0.013 0.012

3d
x2Šy2 0.033 0.033 0.033

3dzx 0.023 0.022 0.022
3dxy 0.020 0.020 0.019
3dyz 0.018 0.107 0.018 0.106 0.018 0.104

Mulliken Atom Charge 0.498 0.557 0.530
Hirshfeld Atom Charge 0.099 0.100 0.096

considered in the projection are Y: 4s, 4p, 4d, 5s, 5p and Si: 3s, 3p. The charge

transfered from metal to silicon atoms amounts to only 0.41 e per formula unit.

The d states host in this case 1.89e in average. The valence Y-5s states only keep

0.26 electrons. As in ScSi the excitedp state of the metal atom also contribute,

taking 0.44 e. Hirshfeld’s analysis gives a charge of 0.11eper ion.

Mulliken’s and Hirshfeld’s charges from DMol 3 calculations are shown in Table

4.13. Orbitals considered are Y: 4d, 5s, 5p and Si: 3s, 3p, 3d. Mulliken’s partitioning

gives a charge per atom of 0.528e. If double ionized con Þgurations are neglected,

these atomic charges correspond to a contribution of approximately 50% from

single ionized conÞgurations. The rather even distribution amongst the Y-5 p and

amongst the Y-4d states indicates that the crystal Þeld is isotropy at metal atom

sites, which is consitent with metallic behaviour. The depopulation of the Si- py
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Fig. 4.19: Spin <up> and charge <down > densities for YSi. Plane cut (orientation): [100]
at x

a = 0 (� ), [001] at z
c = 1

4 (� ) and [010] at y
b = 1

2 (� )

orbital is observed in this system too. The absolute value of Hirschfeld’s charges

is 0.098e.

Spin polarized and non-polarized calcula tions gave nearly equal total energies.

Values for the total spin were around 10 Š3 µB per f.u. and vary with the setting

of the calculations. The pattern is nevertheless stable. Three di� erent plane cuts

of the spin density are shown in the upper panels in Fig. 4.9. The spin density

has been rescaled to range between -1 and 1. Moments are delocalized in form of

bands. Lower panels show color maps of th e electron density on the same planes;

density values are rescaled to range between 0 and 1. The relatively large electron

density in shells with radii of nearly 2 Å around metal atom nuclei shows that

a signiÞcant part of the valence charge is not given away to silicon. There is a

background of di � used density Þlling up the space.
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4.2.6 Electronic structure of LaSi(FeB structure type)

Band structure and partial DOS 3 are shown in Fig. 4.20. From -10 eV to -5 eV

one Þnds mostly contribution from silicon orbitals, 3 s and 3p with a small mixing

with lanthanum 5 d. These bands are dispersed only in the segment Y – S which

corresponds in real space to the bonding along the silicon chains. From -4 eV to EF

the bands are also ratherßat with some dispersion in the segments � – Z and X – U.

This corresponds with overlap along c of the silicon 3p-states with the lanthanum

5d, 6sand 6p. The sharp peak of the La-4f states is visible at nearly 2 eV above the

Fermi level; yet there is a tail going under which accounts for a small charge.

Fig. 4.20: Band structure of LaSi (FeB) from -12 eV to 2 eV, with respect to EF. The labels

for the symmetry points in the Brillouin zone represent: � = (000), Z =(001
2), T =(1

201
2), Y

=( 1̄
200), S=( 1̄

2
1
20), X =(01

20), U =(01
2

1
2), R =( 1̄

2
1
2

1
2). Partial DOS of LaSi. s-, p-states,d- and

f -states in dotted, dashed, solid and solid grey lines, respectively.

The DOS at the Fermi level is due to the crossing of several bands of mainly d

3FeB modiÞcation contains 4 formula units per primit ive cell. DOS values has been divided by
2 for comparison with CrB structures.
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character. LaSi is predicted to be metallic with a DOS(EF) = 3.5 eVŠ1 per 2 formula

units.

Table 4.14: LaSi Mulliken charges from CASTEP using pseudo-potentials on-the- ßy. Ref-
erence pseudo-atomic conÞguration La: 4 f 0.1 5s2 5p6 5d0.9 6s2, Si: 3s2 3p2

Species Ion s p d f Total Charge (e) Spin (� )

Si 1 1.49 2.92 0.00 0.00 4.41 Š0.41 0.00
La 2 2.31 6.12 2.03 0.13 10.59 +0.41 0.00

Bond Population Spin ( � ) Length (Å)

Si –Si 1.07 0.00 2.47358

Orbital occupations from calculations with CASTEP, are shown in Table 4.14.

Orbitals considered in the projection are La: 4 f , 5s, 5p, 5d, 6s, 6p and Si: 3s, 3p.

The population is shown for only one atom per atom type since all the atoms of

a same specie turn out to be electronically equivalent also for this structure. The

total charge transfer from the metal atoms to the silicon is 0.41 eper formula unit.

The crystal environment stabilizes the excited states d and p. They might be use

in order to coordinate with the silicon atoms and they take part of the charge that

is given from the 6 s valence state. There is also a small participation of the La-4f

which accumulate 0.13 e in the tail under the Fermi level, 0.03 more than for the

single atom. Absolute value of Hirshfeld’s charge for the atoms is 0.1 e.

The charge partitioning from DMol 3 is disclosed in Table 4.15. Orbitals con-

sidered in the counting are La: 4 f , 5p, 5d, 6s and Si: 3s, 3p, 3d. The results from

the calculations with three PPs are similar in general, with a larger di � erence in

the occupation of the lanthanum 6 s and 5d states, which rather compensate each

other, summing up to values between 2.27 and 2.43 e. According to these calcu-

lations, the 4 f states accumulate 0.32 electrons due to a small mixing with other

states. Total Mulliken’s charges are 0.478 whilst Hirshfeld’s charges are only 0.06

e. In accordance with metallic character (no crystal Þeld anisotropy), electrons are

shared evenly amongst orbitals within p or d shells.
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Table 4.15: LaSi charge partitioning from DMol 3 calculations.

Atom State Mulliken analysis of orbital population (electrons)
(nl) PWC PW91 BP

La

6s 0.845 0.845 0.503 0.503 0.738 0.738
5px 1.895 1.927 1.921
5py 1.939 1.961 1.955
5pz 1.967 5.801 1.982 5.869 1.980 5.856
5d

z2 0.286 0.338 0.299

5d
x2Šy2 0.277 0.305 0.264

5dzx 0.335 0.367 0.349
5dxy 0.321 0.353 0.330
5dyz 0.370 1.589 0.410 1.773 0.391 1.633
4f 0.322 0.315 0.320

Si

3s 1.777 1.777 1.709 1.709 1.755 1.754
3px 0.684 0.735 0.674
3py 0.898 0.942 0.901
3pz 1.047 2.593 1.081 2.757 1.053 2.628
3d

z2 0.014 0.013 0.013

3d
x2Šy2 0.022 0.021 0.021

3dzx 0.011 0.011 0.011
3dxy 0.010 0.010 0.010
3dyz 0.016 0.073 0.017 0.071 0.016 0.071

Mulliken Atom Charge 0.443 0.539 0.453
Hirshfeld Atom Charge 0.058 0.061 0.057

The spin polarization was found to be of the order of 10 Š3 µB per f.u, and

changes with the initial settings. The spin density pattern is stable and it is shown

in the upper panels in Fig. 4.9, for three di � erent planes. Maximum values were

nearly 10Š3 µB Å Š3 and the full data have been rescaled to range between -1 and

1. Spin density is small and delocalized. Lower panels show color maps of the

electron density for the same planes, rescaled between 0 and 1. The medium

density band embedding silicon atoms correspond to the chains.
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