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Abstract

The structural, electronic and magnetic properties of one-dimensional 3d transition-metal

(TM) monoatomic chains having linear, zigzag and ladder geometries are investigated in

the frame-work of first-principles density-functional theory. The stability of long-range mag-

netic order along the nanowires is determined by computing the corresponding frozen-magnon

dispersion relations as a function of the ”spin-wave” vector ~q. First, we show that the ground-

state magnetic orders of V, Mn and Fe linear chains at the equilibrium interatomic distances

are non-collinear (NC) spin-density waves (SDWs) with characteristic equilibrium wave vec-

tors ~q that depend on the composition and interatomic distance. The electronic and magnetic

properties of these novel spin-spiral structures are discussed from a local perspective by an-

alyzing the spin-polarized electronic densities of states, the local magnetic moments and the

spin-density distributions for representative values ~q. Second, we investigate the stability of

NC spin arrangements in Fe zigzag chains and ladders. We find that the non-collinear SDWs

are remarkably stable in the biatomic chains (square ladder), whereas ferromagnetic order

(q = 0) dominates in zigzag chains (triangular ladders). The different magnetic structures

are interpreted in terms of the corresponding effective exchange interactions Jij between the

local magnetic moments µi and µj at atoms i and j. The effective couplings are derived by

fitting a classical Heisenberg model to the ab initio magnon dispersion relations. In addition

they are analyzed in the framework of general magnetic phase diagrams having arbitrary

first, second, and third nearest-neighbor (NN) interactions Jij .

The effect of external electric fields (EFs) on the stability of NC magnetic order has been

quantified for representative monoatomic free-standing and deposited chains. We find that

an external EF, which is applied perpendicular to the chains, favors non-collinear order in

V chains, whereas it stabilizes the ferromagnetic (FM) order in Fe chains. Moreover, our

calculations reveal a change in the magnetic order of V chains deposited on the Cu(110)

surface in the presence of external EFs. In this case the NC spiral order, which was unstable

in the absence of EF, becomes the most favorable one when perpendicular fields of the order

of 0.1 V/Å are applied.

As a final application of the theory we study the magnetic interactions within monoatomic

TM chains deposited on graphene sheets. One observes that even weak chain substrate hy-

bridizations can modify the magnetic order. Mn and Fe chains show incommensurable NC

spin configurations. Remarkably, V chains show a transition from a spiral magnetic order in

the freestanding geometry to FM order when they are deposited on a graphene sheet. Some

TM-terminated zigzag graphene-nanoribbons, for example V and Fe terminated nanoribbons,

also show NC spin configurations. Finally, the magnetic anisotropy energies (MAEs) of TM

chains on graphene are investigated. It is shown that Co and Fe chains exhibit significant

MAEs and orbital magnetic moments with in-plane easy magnetization axis. The remarkable

changes in the magnetic properties of chains on graphene are correlated to charge transfers

from the TMs to NN carbon atoms. Goals and limitations of this study and the resulting

perspectives of future investigations are discussed.
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Zusammenfassung

In dieser Arbeit werden die elektronischen und magnetischen Eigenschaften von eindimension-

alen monoatomaren 3d Übergangsmetall-Ketten mit linearer, ’zigzag’ und Leiter-Geometrie

im Rahmen der ab initio Dichtefunktionaltheorie untersucht. Die Stabilität der langreich-

weitigen magnetischen Ordnung entlang der Nanoketten wird bestimmt durch Berechnung

der Dispersionsrelationen fixierter Magnonen als Funktion des Spinwellenvektors ~q. Als er-

stes zeigen wir, dass die magnetische Ordnung des Grundzustands der vollständig relaxierten

linearen V-, Mn- und Fe-Ketten nichtkollineare (NC) Spindichtewellen (SDW) sind. Die

zugehörigen charakteristischen Gleichgewichts-Wellenvektoren ~q hängen von der Komposi-

tion und der interatomaren Abstände ab. Die elektronischen und magnetischen Eigenschaften

dieser neuartigen spiralen Spinstrukturen werden aus der lokalen Perspektive diskutiert unter

Berücksichtigung der spinpolarisierten elektronischen Zustandsdichten, der lokalen magnetis-

chen Momente und der Spindichteverteilung für repräsentative Werte von ~q. Als zweites wird

die Stabilität der NC Spin-Anordnungen in Fe-Ketten mit zigzag und Leiter-Geometrie un-

tersucht. Wir zeigen, dass die nichtkollinearen SDW in zweiatomigen Ketten (quadratische

Leiter-Geometrie) bemerkenswert stabil sind, während die ferromagnetische Ordnung (q = 0)

in den zigzag Ketten (dreieckige Leiter-Geometrie) dominiert.

Die verschiedenen magnetischen Strukturen werden mittels der effektiven Austauschwechsel-

wirkungen Jij zwischen den lokalen magnetischen Momenten µi und µj an Atomen i und j

diskutiert. Die effektiven Kopplungen werden durch Anpassung eines klassischen Heisenberg-

Modells an die ab-initio Magnon-Dispersionsrelationen abgeleitet. Außerdem werden die

magnetischen Strukturen im Rahmen allgemeiner magnetischer Phasendiagramme als Funk-

tion erst-, zweit- und drittnächster Nachbar (NN) Wechselwirkungen Jij analysiert.

Die Wirkung äußerer elektrischer Felder (EF) auf die Stabilität von NC magnetischen Ord-

nungen konnte für repräsentative monoatomare freistehende und deponierte Ketten quan-

titativ bestimmt werden. Es wird gezeigt, dass in V-Ketten ein externes senkrecht zu den

Ketten angelegtes EF eine nichtkollineare Ordnung begünstigt, während es in Fe-Ketten die

ferromagnetische (FM) Ordnung stabilisiert. Darüberhinaus zeigen unsere Berechnungen eine

Änderung der magnetischen Ordnung von V-Ketten deponiert auf Cu(110) Oberflächen in

Anwesenheit eines äußeren EF. In diesem Fall wird die für monoatomare V-Ketten instabile

spirale Ordnung bei Anlegen eines senkrechten externen EF der Größe 0.1 V/Å die ener-

getisch günstigste.

Als eine Anwendung der Theorie haben wir die magnetischen Wechselwirkungen innerhalb

monoatomarer Übergangsmetall-Ketten deponiert auf Graphen studiert. Wir haben fest-

gestellt, dass selbst schwache Hybridisierungen zwischen Kette und Substrat die magnetische

Ordnung der Kettenatome modifizieren können. Mn- und Fe-Ketten zeigen inkommensurable

NC-Spinkonfigurationen. Auffällig ist der Übergang in V von einer spiralen magnetischen

Ordnung in freistehenden Ketten zu einer FM Ordnung in Ketten, die auf Graphenmono-

lagen deponiert werden. Einige Übergangsmetall-Graphen-zigzag-Nanobänder, wie z.B. V-
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und Fe-Nanobänder, zeigen ebenfalls NC-Spinkonfigurationen.

Ergänzend werden die magnetischen Anisotropieenergien (MAE) von Übergangsmetall-

Ketten auf Graphen untersucht. Unsere Berechnungen zeigen, dass Co- und Fe-Ketten sig-

nifikante MAE und Bahndrehimpulse besitzen, wobei die leichte Magnetisierungsachse ent-

lang der Kettenrichtung orientiert ist. Die bemerkenswerten Änderungen der magnetischen

Eigenschaften von Ketten auf Graphen werden dem Ladungstransfer von den Übergangsmet-

allen zu den NN C-Atomen zugeordnet. Abschließend werden die Grenzen dieser Studie und

die sich ergebenden Perspektiven für zukünftige Untersuchungen diskutiert.
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2.05 Å . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5 Spin-polarized 3d-electron local density of states (DOS) of V chains at
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Chapter 1
Introduction

Over the past two decades, a significant experimental and theoretical effort has been

devoted to understand the magnetism of the low-dimensional nanostructures such as

small particles, one-dimensional (1D) atomic wires [1–4] and two-dimensional (2D)

islands of various sizes grown on magnetic and nonmagnetic substrates [5–7]. The elec-

tronic and magnetic properties of these nanostructures are quite different from those

of bulk solid materials because of the reduction in coordination number and dimen-

sionality, as well as consequence of size-effects [8–12]. Therefore, one can expects a

variety of new potential technological applications in high-density magnetic record-

ing, memory storage, magnetic tunnel junctions (MTJ) and spintronic devices [13,14].

Experimentally, the fabrication of low-dimensional nanostructures is obviously a very

challenging task. Modern methods to prepared such magnetic systems have made it

possible to investigate the influence of reduced dimensionality on the magnetic proper-

ties. In fact, there are many techniques to construct low-dimensional nanostructures on

metal surface. In particular one should mention scanning-tunneling-microscopy (STM)

tip-manipulation [15], self-organization processes on vicinal and flat surfaces [1], and

break junctions.

In a pioneering experiment, Gambardella et al. have grown self-organized monoatomic

Co wires at step edges of the Pt(997) vicinal surface [1]. One of the STM images of

such chains is reproduced in Fig. 1.1 (a). X-ray magnetic circular dichroism (XMCD)

spectra have been recorded in order to explore the magnitude of both spin and or-

bital magnetic moments. They demonstrated long-range ferromagnetic (FM) order in

Co chains below a blocking temperature TB = 15 K. The stability of FM order was

explained by the large observed values of the magnetocrystalline anisotropy energy

(MAE) of the order of 2 meV/Co atom. Moreover, important enhancements of the

local spin moments at the Co atoms, from µs = 1.57µB (bulk) to 2.08µB, and of the

1



2 Introduction

Figure 1.1: (a) STM image of finite biatomic Fe chains on the (5 × 1)-Ir surface (after

Ref. [1]). (b) Illustration of the magnetic order investigation of magnetic chains by using

spin-polarized STM with a magnetic tip (after Ref. [36]).

local orbital moments, from µL = 0.14µB (bulk) to 0.68µB, were also reported. This

enhancement of the local moments is attributed to the narrow d-bands of the chains

as a result of localized electronic structure, which leads to a high density of electronic

states near the Fermi energy. One observes that the local moments are largest for the

monoatomic chains and decrease rapidly with chain width. Furthermore, increasing

the lateral width of Co the chains or stripes can results in a remarkable discontinuous

changes in the orientation of the easy axis, as predicted in Ref. [4].

A theoretical study N. D. Mermin and H. Wagner has shown, in the limit of Heisen-

berg model, that no finite-range exchange interactions can lead to long-range magnetic

order in one- and two-dimensional systems at any non-zero temperature [16,17]. How-

ever, ferromagnetism in 1D can be metastable, provided that large magnetic anisotropy

energies create barriers, which effectively block the thermal fluctuations of the local

moments. From a technological perspective, one of the most important and challeng-

ing problems is to understand and control how to enhance the blocking temperature

of nanostructures, in order to utilize them for practical applications such as recording

or storage media devices at room temperature. Additional anisotropic contributions

arising from the spin orbit coupling (SOC) are needed in order to stabilized the orien-

tation of the magnetization against thermal fluctuations. A sufficiently large value of

the MAE is therefore plays a crucial role for the stability of long-range magnetic orders

in 1D magnetic systems.

A further remarkable experimental study is found in Ref. [18], where linear chains

having one to ten Mn atoms were constructed by using STM one-by-one atom ma-

nipulation on the Cu2N/Cu(001) surface [see Fig. 1.2]. Spin-excitation spectra were

detected by tunnelling spectroscopy and reported an AFM coupling between the Mn
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Figure 1.2: STM image of linear Mn

chains containing 10 atoms on an insulat-

ing CuN/Cu(001) surface (after Ref. [18]).

atoms. Another experimental technique, which produces one-dimensional atomic-size

chains is the so-called break junctions or mechanically controllable break junctions. In

these experiments, two electrodes, which are initially in contact are pulled apart with

an STM-tip. Alternatively two nano-islands on the substrates are pulling apart. In

this way, it is possible to form a freestanding 1D chain or nanocontact consisting only

of a few atoms (namely, 5–10 atoms). By using this method, successful chain formation

has been demonstrated for late 4d and 5d TM elements [19].

These experimental investigations performed on atom-by-atom engineered struc-

tures have revealed a number of amazing effects such as the enhancement of orbital

magnetism and magnetic anisotropy [1–4], long range magnetic order of monoatomic

chains and adatoms, magnetization-reversal and spin-reorientation transitions in de-

posited clusters [6, 20, 21], as well as non-collinear spin arrangements, quantum con-

finement and self-alignment of local moments in nanowires [9–11].

Besides the well-known collinear magnetic spin configurations (e.g., ferro-, ferri-

and antiferromagnetic order) a large variety of more complex noncollinear spin ar-

rangements such as spin spirals and skyrmions can exist in solids and low-dimensional

systems. Noncollinear spin arrangements are often the result of frustrations such as

antiferromagnetic (AF) nearest-neighbor (NN) interactions in non-bipartite lattices

or competing FM and AF interactions between atoms at different distances. Fe and

Cr compounds are most prominent examples of noncollinear magnetic structure in

itinerant-electron magnetic materials [22–25]. The magnetic order of Fe structures

depends sensitivity on the geometrical arrangement of the Fe atoms and their environ-

ment. For instance, body-centered cubic (bcc) α-Fe exhibits a spontaneous ferromag-

netic order which is due to the parallel alignment of unpaired spins. In contrast, the

fcc γ phase of Fe is a highly frustrated magnetic structure with a complex noncollinear

configuration. Moreover, the ground-state magnetic order of γ-Fe is know to depend

crucially on the lattice parameter [26].
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A significant effort have been dedicated to study NC magnetism in low-dimensional

nanostructures due to their fundamental interest and potential technological applica-

tion. For instance, in 2D systems Mn monolayers on Ag(111) and Cr monolayers on

Pd(111) show stabile 120o Néel-phase structures due to the topological frustration on

triangular lattices. Furthermore, a direct observation of the spiral magnetic order at

the interface of Mn/W(100) monolayers has been investigated by using spin-polarized

STM. The results suggest that the antisymmetric Dzyaloshinskii-Moriya interaction

(DMI), induced by spin-orbit coupling, is a driving force for the stability of spiral mag-

netic structures [27]. Another studies revealed that the magnetic structure of a Mn

monolayer deposited on a Fe(100)-substrate exhibits a NC spin spiral phase due to the

competition between the AF coupling within the Mn-monolayer and the FM coupling

at the Fe/Mn interface. Indeed, thicker Mn monolayers are coupled antiferrormag-

netically. In this case of NC order derives from the competing exchange interactions

between the monolayer and the substrate moments, which extends over a macroscopic

area [28]. Furthermore, Nakamura et al. predicted the formation of SDWs in free-

standing Fe(110) monolayers [29].

The noncollinear structures of magnetic domain walls (DWs) are an important

features of any FM materials, which have always attracted considerable experimental

and theoretical attention, ever since the pioneering works of Bloch and Néel [30, 31].

Understanding the physics of noncollinear structures and DWs is crucial to numerous

applications, particularly in memory devices such as hard disk, magnetic random access

memory (RAM), magnetic race-track memory and spin-electronics devices, where the

presence of a DW cannot be disjoined from the stored information itself. Therefore

recently, the interest in noncollinear magnetism at surfaces and interfaces has increased

because of their potential technological importance. Moreover, the symmetry breaking

and the enhanced SOC arising from a reduced dimensionality are expected to give rise

to noncollinear magnetism with new and exotic features differing from those of bulk.

However, little is known quantitatively, about the detailed complexity of the spin-

spiral structures in thin films. NC spiral or chiral magnetism was recently explored

in domains walls i.e., in Ni/Fe/Cu(991) [32], Fe/W(110) [33], Co/Pt(111) [34], and

Co/Pt [35].

Very recently, an experimental investigation by using a spin-polarized STM mag-

netic tip under an out-of-plane magnetic field of B = 2 T at 8 K, revealed that finite Fe

biatomic chains on (5× 1)-reconstructed Ir(001) surface, show spiral magnetic ground

states [36]. The three-dimensional representation of the spin spiral in biatomic Fe

chains with local magnetic moment periodicity of about three-interatomic distances

(120o angle between adjacent moments) is shown in Fig. 1.3 (c). This system has

been further investigated in the framework of DFT in order to understand the origin

of this remarkable magnetic structure. Both studies concluded that the antisymmetric
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Figure 1.3: Spin-resolved STM image of a bi-atomic Fe chains grown on the (5 × 1)-

reconstructed Ir(001) surface. Three-dimensional representation of spin spiral density wave

in biatomic Fe chins with a magnetic periodicity of about three-interatomic distances (120o

angle between adjacent moments). The images of the nanowires are taken in an external

magnetic filed B = 0 T and B = 2 T, respectively. This figure has been taken from Ref. [36].

Dzyaloshinskii-Moriya (DM) interactions [37–39] is the driving force behind the forma-

tion of the spin spiral. Two STM images of the Fe chains are displayed in Fig. 1.3 (a)-(b)

in which the spins are correlated with a nearly fixed vector spin chirality with different

values of external magnetic fields B. At B = 0 T, the authors do not find any preferred

magnetic direction for the spins due to thermal and dynamic fluctuations, whereas a

periodic spiral magnetic patterns is observed for B = ±2 T. Indeed, it is necessary to

introduce small a value of magnetic field in order to quench the thermal fluctuations

occurring in the chains with a finite numbers of Fe atoms. From a technological point

of view, both infinite and finite Fe chains deposited on a metal surface could be useful

for transmitting bits of magnetic information.

5



6 Introduction

A significant understanding of the experimental results on 1D systems has been

obtained in the framework of density-functional theory (DFT). In very recent years, a

number of ab initio calculations using DFT seem to be successful for the description of

the structural, electronic and magnetic properties of complex NC magnetic structures.

For instance, Lounis et al. [8], using both ab initio results and the solution of a classical

Heisenberg model, have reported the complex magnetic order in Mn-chains on a Ni(001)

substrate. They found that the system is magnetically frustrated, which originates

from the competing interactions between the AF coupling within the Mn-chain atoms

and the FM coupling of the chain atoms with the substrate. This leads to an even-

odd effect in which the magnetic ground state crucially depends on the parity of the

number of Mn atoms in the linear chain. Even numbers of atoms in the linear chain

exhibit the noncollinear magnetic configuration, whereas odd numbers of atoms yield

a completely different magnetic order, such as collinear ferrimagnetic alignment. Very

recently, theoretical investigations have been performed on the magnetic ordering of Mn

nanostructures deposited on the Fe(110) substrate including the SOC interactions [7].

The authors found that long Mn wires are magnetically frustrated with a number of

novel magnetic structures including helical spin spirals.

Zelený et al. investigated from a theoretical prospective the magnetic proper-

ties of one-dimensional Mn nanostructures with geometries varying between the the

straight line wire to nanorods [40]. They found that the ground-state magnetic or-

der in monoatomic Mn chains is noncollinear as a result of competing short-range

and long-range AF interactions. Saubanère et al. obtained that also V wires de-

velop spontaneously a spiral SDWs, provided that the NN distance a is not too large

(a < 2.55 Å) [41]. In this case noncollinearity is mainly the consequence of competing

FM and AF couplings between first and second NNs. Tung and Guo extended the pre-

vious studies in several respects, showing in particular that V, Mn and Fe chains have

a stable spin-spiral order at the equilibrium bond length, while the local moments in

Cr, Co and Ni chains remain collinear [42]. As in the previous example, the magnetic

couplings between first and second NNs are found to be frustrated. More recently,

Schubert et al. performed ab initio studies of noncollinear magnetism in freestanding

and supported Mn chains [43]. Varying the number of the 3d electrons they observe

a smooth transition from AF order in pure Cr chains, through noncollinear order in

Mn-rich chains, to a FM behavior in the case of pure Fe chains. In addition, supported

Mn chains were found to be AF on Pd(110), whereas a weak noncollinear order is found

on Cu(110) and Ag(110).

The hybridizations induced by deposition on a substrate may indeed change the

magnetic couplings found in idealized monoatomic chains. Despite their potential im-

portance, these effects are often neglected in the pioneering theoretical studies, since

they represent a serious numerical challenge. Moreover, the 1D limit is a subject of
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fundamental interest on its own. Consequently, significant research efforts are be-

ing devoted to approach the 1D behavior as closely as possible from an experimental

perspective. Several works have considered the effects of substrate hybridizations on

the magnetism of deposited wires [4, 36, 43–45]. In some cases, the magnetic order

of the free-standing geometry in presevered after deposition, indicating that the low-

dimensionally of the wire dominates over the substrate effects. In other cases, even a

weak chain-surface hybridization is sufficient to drastically modify the coupling along

the wire. Changes in the magnetic order from FM to AF coupling have been observed,

depending on the specific structural arrangement [45].

Previous studies show that the type of substrate has a crucial influence on the

magnetic order. In this context the magnetic order of TM chains on graphene is

particularly interesting. Graphene is often used as a substrate due to its high room-

temperature carrier-mobility [46], quantum Hall effect [47, 48] and easy growth. In

addition, it is a promising candidate for the technological applications [46, 49–51].

For this reason, it is important to understand the magnetic behavior of TM wires

deposited on a graphene sheet, which is relevant for recording media, magnetic inks,

and magneto-electronic devices.

However, very few studies have been devoted to the stability of NC magnetic con-

figurations in 3d TM chains. It is the main goal of the present work to investigate

the ground-state magnetic orders in low-dimensional systems giving a special attention

to spiral SDWs in 3d TM monoatomic chains from a first principles perspective. The

reminder of the thesis is arranged as follows. Chapter 2 reviews the main concepts of

DFT as introduced by Hohenberg, Kohn and Sham. The main approximations to the

exchange and correlation functionals are described namely the local density approxima-

tion (LDA) and the generalized gradient approximation (GGA), which are applicable

to the metallic systems studied in the present work. Finally, we discuss the imple-

mentation of DFT with various functionals in the Vienna ab initio simulation package

(VASP). This code solves the Kohn-Sham (KS) equations using a plane-wave basis-set.

The interaction between the valance electrons and core electrons is described by the

projector augmented-wave (PAW) method.

In chapter 3 we give a short introduction of the theory of noncollinear magnetism

and related elementary magnetic models. These models provide a basis for understand-

ing the ab initio results. For instance, the classical Heisenberg model provides a variety

of magnetic orders depends on the values of the exchange interaction Jij between the

local moments: collinear (FM and AF) and noncollinear orders corresponding to dif-

ferent strengths, signs and ranges of the parameter Jij. Later on, we discuss the theory

of the magnetic anisotropy energy (MAE) which is important for the stability of the

magnetization direction against thermal fluctuations at finite temperatures. The final
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part of this chapter deals with the effects of external electric field on the magnetic

properties.

In chapter 4 we investigate the stability of various collinear and noncollinear mag-

netic orders by computing the frozen-magnon dispersion relations as a function of

spin-wave vector ~q for freestanding V, Mn, and Fe monoatomic wires. The effect of

changes in the interatomic distances are considered. In order to analyze the magnetic

ground states from the local prospective, the effective exchange interactions Jij between

the local magnetic moments are derived from the ab initio calculations. The results

are analyzed in the framework of the classical Heisenberg model. At the end of this

chapter, the magnetic phase diagrams in the vicinity of the ab initio derived exchange

interactions are displayed, which provide a comprehensive picture of the stability of

spiral SDWs in nanowires.

Symmetry and dimensionality are know to play an important role in determining

the magnetic properties of TM, especially in low-dimensional, systems. Therefore, in

chapter 5 we explore the ground-state magnetic properties of wires having linear, zigzag,

and rectangular geometries by calculating the corresponding frozen-magnon dispersion

relations as a function of spin-wave vector ~q. Emphasis is given here to Fe nanowires

as representative example. In chapter 6 we present the effect of an external electric

field on the stability of NC magnetism in freestanding V, Mn and Fe nanowires. In

addition, the effects of wire-substrate hybridization on the magnetic order of V chains

deposited on Cu(110) surface are discussed.

In chapter 7 we focus on the structural, electronic, and magnetic properties of

V, Cr, Mn, Fe and Co monoatomic chains deposited on a graphene sheet together

with TM-terminated graphene nanoribbons (GrNRs). First, we explore the structural

stability of nanowires at various positions on the graphene sheet. We find that Cr and

Mn chains on graphene prefer the AF solution, while V, Fe and Co chains favor the

FM order. These collinear calculations are however not conclusive in order determine

the ground-state magnetic arrangements. Therefore, we also performed noncollinear

calculations and analyze the magnon dispersion relations.

Our results show that the ground-state magnetic orders of Mn and Fe chains on the

graphene sheet are in fact spiral SDWs. In the case of TM-terminated GrNRs, the NC

magnetic arrangements are found to be more stable in the case of V- and Fe-terminated

nanoribbons. In the last part of this chapter, the spin-orbit effects are explored.

Finally, the present discussion is closed in chapter 8 with a brief summary of main

conclusions and a brief outlook on challenging future developments.
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Chapter 2
The quantum many-body problem

2.1 Historical background

The quantum mechanical state of a solid containing a large number of interacting

particles is completely described by the many-body wavefunction ψ, which depends on

the coordinates each particle.

However, the wavefunction of the system is a very complicated mathematical ob-

ject which holds a large amount of information. Therefore, an exact or analytical

calculation of ψ is in general impractical. In principle ψ may be obtained from the

time-independent many-body Schrödinger equation, which can be written as

Ĥψ = εψ, (2.1)

where Ĥ is the Hamiltonian, ψ = ψ( ~X, ~R) is the electron and nuclei wavefunction, and

ε is the total energy of the system. Here, ~X = (~r1σ1, ~r2σ2, ...~rNσN) defines the spatial

and spin coordinates of all electrons and ~R = (~R1, ~R2, ... ~RM) represents the coordinates

of all nuclei. The wavefunction ψ of the system depends in total on 4N + 3M variables

with N being the number of electrons and M the total number of nuclei.

The total Hamiltonian operator Ĥ for the system of M nuclei and N electrons [see

Fig. 2.1] with pair interactions between the components is spin independent. It is given

by:

Ĥ = T̂N + T̂e + V̂Ne + V̂NN + V̂ee (2.2)

9



10 The quantum many-body problem

Figure 2.1: Illustration of the spatial coordinates of the electrons and nuclei in the system.
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Here, the first two terms in Eq. (2.3) are the kinetic energy of the nuclei (T̂N) and

the electrons (T̂e), respectively. The other three terms are Coulomb energies associated

to the nucleus-electron attraction V̂Ne, the nucleus-nucleus repulsion V̂NN , and the

electron-electron repulsion V̂ee, respectively. Unfortunately, it is impossible to solve

the Schrödinger equation [Eq. (2.1)] exactly due to the large number of variables on

which the wave function depends. For a system with M nuclei and N electrons, we

have 3M+4N variables, i.e. 3 position coordinates for each particle and in addition one

spin coordinate for each electron. Therefore, it is unavoidable to make approximations

for both the Hamiltonian and the many-body wavefunction ψ.

The first major simplification is the Born-Oppenheimer (BO) approximation or adi-

abatic approximation [52], which allows us to decouple the electronic and ionic degrees

1For simplicity we have used the atomic units i.e., me = ~ = e2/(4πεo) = 1. Then, the energy is

given in Hartrees.
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2.1 Historical background 11

of freedom. This is justified by the large difference in mass between the electrons me

and the ions Mα. The electrons are 103 to 105 times lighter than the nuclei [52] and,

therefore, the electrons move much faster than the nuclei. Consequently, the elec-

tronic and nuclear motions are decoupled within the BO approximation. Thus, the

full Hamiltonian Ĥ in Eq. (2.1) of the system can be split into two parts: electronic

part Ĥe = T̂e + V̂Ne + V̂NN + V̂ee and ionic or nuclear kinetic energy T̂N . Of course,

the electronic Hamiltonian Ĥe depends on the ionic coordinates ~Rα. However, in order

to solve the electronic problem, the heavy ions are considered to be fixed particles at

positions ~Rα. Then, ~Rα are treated as external parameters inĤe , not as dynamic

variables. Correspondingly, the total wavefunction ψ is also split into the following

form:

ψ( ~X, ~R) = ψe, ~R( ~X) χN(~R) (2.4)

where ψe, ~R( ~X) is the wave function of electrons with current nuclei positions ~R, and

χN(~R) is the wave function of nuclei. Here, ~R and ~X are collected all-nuclear and

all-electronic coordinates, respectively.

The electronic wavefunction ψe, ~R( ~X) is obtained by solving the schrödinger equation

for the subsystem of the electronic part

Ĥe ψe, ~R( ~X) = E(~R) ψe, ~R( ~X) (2.5)

where

Ĥe = −1

2

N∑
i=1

∇2
~ri
−

M∑
α=1

N∑
i=1

Zα
|~riα|

+
N∑
i=1

N∑
j>i

1

|~rij|
+

M∑
α=1

M∑
β>α

ZαZβ

|~Rαβ|
(2.6)

The energy E = E(~R) depends on the fixed positions ~R of the nuclei. Notice that

the E not only include the pure electronic energy Ee = < T̂e + V̂Ne + V̂ee > but the

ion-ion repulsive energy ENN =< V̂NN >, which is a constant quantity for give static

coordinates ~R, i.e., E = Ee+ENN . Knowing the eigenenergies E(~R) as a function of ~R,

in the second step of BO approximation the motion of nuclei are considered as moving

within the potential E(~R). For this reason, E(~R) is also refered to as the potential

energy surface (PES). By solving the schrödinger equation{
T̂n + E(~R)

}
χN(~R) = ε χN(~R) (2.7)

One can in principle obtain the wavefunction χN(~R) of the nuclei.

It is clear that the BO approximation decreases the number of variables to be

treated simultaneously from 4N + 3M in Eq. (2.1) to 4N in the electronic problem

11



12 The quantum many-body problem

Eq. (2.5) and 3M in the nuclear problem Eq. (2.7). However, in this work we are

not interested in the properties of the nuclear system except for the equilibrium bond

lengths. These quantities can be directly read out from the minima of the PES and

do not require a quantum mechanical treatment of the nuclear problem. In this sense,

the BO approximation reduces the number of variables to be treated explicitly quan-

tum mechanically to 4N coordinates of the electronic system. Still, we need further

approximations in order to reduce the the computational burden for most practical sys-

tems. One fundamental approach to solve the electronic Schrödinger equation Eq. (2.5)

numerically is the Hartree-Fock (HF) approximation [53], which transforms the many-

body problem into a single-particle problem by approximating the many-body wave

function ψe(~riσi) with an antisymmetrized product of single-particle wavefunctions.

This product is usually referred to as a Slater determinant [54]. This ensures the an-

tisymmetry of the wave function and the fulfillment of the Pauli principle. The HF

potential approach includes the classical Coulomb energy EH and a quantum mechani-

cal contribution to energy known as exchange energy Ex. However, this approximation

does not account for the electronic correlation. Although the latter is often smaller

than the other two, it is well known that Ec is crucial to obtain accurate results. There-

fore, the original Hartree-Fock approximation needs to be improved in order to take

into account the correlation energy.

The most popular alternative approach to the electronic structure is density-

functional theory (DFT). This remarkable theory replaces the complicated N -electron

wave function and the associated Schrödinger equation by a formulation based on a

much simpler mathematical object, namely the spin-polarized electron density n(~r, σ).

The basic of the DFT described in the following section 2.2.

2.2 Density functional theory: Fundamental con-

cepts

Density-functional theory is presently the most versatile and powerful quantum me-

chanical approach to the many body problem, which allows us to describe larger and

larger systems, as accurate as far the theory can go. This theory is based on a reputable

paper of Hohenberg and Kohn, who demonstrated the existence of a bijective mapping

between the ground-state density n(~r) and the ground-state wavefunction [55]. Con-

sequently, the ground-state energy and all other ground-state properties of the system

(e.g. cohesive energy, lattice constant, etc.) are functionals of the ground-state elec-

tron density [56]. This implies that the much more manageable ground-state electron

density n(~r) replaces the wavefunction as the fundamental unknown of the problem.
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2.2 Density functional theory: Fundamental concepts 13

This idea has been proven to be excellent and computationally simpler in all respects.

Then, for the purpose of the practical calculations Kohn and Sham [57] how to replace

the evaluation of the functionals of the many-electron problem into in principle exact

set of self-consistent one-electron equations. They derived eigenvalue equations from

the variational approach which are analogous to the HF equations but exact. These

so-called KS equations are actually simpler to solve than the HF ones.

DFT deals with systems of identical particles [58], basically fermions, providing a

simple method for describing the effects of exchange and correlation in an inhomo-

geneous electron gas. The minimum of the total energy E[n] as a functional of n(~r)

gives access to the exact energy of the system. The electronic density that yields the

minimum of E[n] is in principle the exact ground-state density n(~r).

DFT has proved to be highly successful in describing structural and electronic

properties of molecules and solids (including glasses and liquids) and its application

to diverse systems continues to grow speedily. There are state-of-the-art applications

of DFT in a wide variety of areas, including magnetism, catalysis, surface science,

nanomaterials, biomaterials and geophysics [59]. DFT has been applied to degenerate

ground-states [60], spin-polarized ground states [60, 61], quantum Hall effect [62], etc.

However, in some special cases DFT predicts fictitious results. For instance, DFT has

limited accuracy in the calculation of excited states. A particularly famous example is

the underestimation of band gaps in semiconductors and insulating materials [56].

Among the failures of DFT, with the functionals known nowadays, one should

mention the description of weak van der Waals (vdW) forces between closed-shells

systems. Although progress has been recently made on this subject [63], these more

subtle problems are still beyond the reach of simple approximations to DFT. Another

usual problem is that the binding energies obtained within the LDA are overestimated,

as compared to experimental values. In order to get more accurate results, one needs to

use well-behaved gradient-corrected functionals or include the weak vdW interactions

additionally. Another field in which simple DFT approximations often fail concerns

strongly correlated materials, such as NiO and FeO which are predicted to be metals by

LDA-DFT in contrast to the experimental behavior, which is that of antiferromagnetic

insulators [64].

2.2.1 The Hohenberg-Kohn theorems

DFT is based upon two remarkable theorems first demonstrated by Hohenberg and

Kohn (HK) in 1964 [55]. The fundamental break through of these theorems is to

formulate density functional theory as an exact theory of many-body systems.
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Theorem 1 (existence theorem)

The total energy of a many electron system in an external potential Vext(~r) is a unique

functional of the electron charge density n(~r).

Since from the N-electron system Vext(~r) determines completely the system under

study, i.e., the Hamiltonian, n(~r) also determine the ground-state wavefunction and all

other electronic properties of the ground-state such as ground-state energy. One may

therefore write the energy as a function of n(~r).

E[n(~r)] = FHK [n(~r)] +

∫
n(~r) Vext(~r) d

3~r (2.8)

where FHK = 〈ψ[n]| T̂e + V̂ee |ψ[n]〉 is the universal Hohenberg-Kohn functional rep-

resenting the sum of kinetic and coulomb energies, while the second term describes

the interaction with the external potential. For a given Vext(~r) an important energy

minimization principle is provided by the second KH theorem.

Theorem 2 (variational principle)

In the ground-state, the energy functional E[n(~r)] has its minimum relative to all vari-

ations of the density.

E[n(~r)] = minE[n(~r)] ⇐⇒ δE[n(~r)]

δn(~r)

∣∣
n(~r)=n0(~r)

= 0 (2.9)

Despite the general validity of the Hohenberg-Kohn theorems, they do not provide us

with any useful computational scheme for calculating the ground-state density, because

the exact form of he functional FHK [n(~r)] is unknown. About one year later, Kohn

and Sham developed an important scheme for carrying out DFT calculations, which

offers a way for getting E[n(~r)], which is formally exact provided that one has access to

FHK [n(~r)]. In other words, once the Kohn-sham method is set, all the approximation

of the theory can be traced back to the approximation of the universal functional FHK .

Knowing that FHK is universal i.e., independent of the system under study, one may

hope that simple approximation are possess.

2.2.2 The Kohn-Sham method

Kohn and Sham (KS) reformulated the problem in a simpler, more explicit, form and

thus opened the way to practical applications of DFT. The KS formulation is based on

mapping the full interacting electronic system onto a fictitious non-interacting system,
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so that the minimization of E[n] with respect to n(~r) can be transformed into a set of

self-consistent single-particle equations.

The KS scheme replaces the difficult interacting many-particles system by an aux-

iliary system of non-interacting particles moving within the potential Vs in such as

way that the ground-state density ns(~r) of the single-particle system matches exactly

the ground-state density n(~r) of the interacting system. The auxiliary single-particle

Schrödinger equation is given by(
−1

2
∇2 + Vs(~r)

)
ψi(~r) = εi ψi(~r). (2.10)

Since the ground-state density of the auxiliary system of N non-interacting electrons

is a single slater determinant, its density is given by a sum over the N lowest occupied

KS orbital densities |ψ(~r)|

n(~r) =
N∑
i=1

|ψi(~r)|2. (2.11)

The crucial idea of the KS method is to approximated the kinetic energy of the inter-

acting system Ts[n] by the kinetic energy of the non-interacting electrons occupying

KS orbitals ψi(~r):

Ts[n] =
∑
i

∫
ψi
∗(~r) (−1

2
∇2)ψi(~r) d~r . (2.12)

This has been found to be a very accurate approximation. Then, the KS total energy

functional for a set of occupied electronic states ψi can be written as

E[n] = Ts[n] + EH [n] + Exc[n] + Eext[n]. (2.13)

Here, EH [n] is the classical Hartree electron-electron repulsion

EH [n] =

∫ ∫
n(~r)n(~r ′)

|~r − ~r ′|
d~r d~r ′ (2.14)

and Eext[n] takes into account the interaction between the electrons and the external

field Vext(~r) generated by the ions or by any other source:

Eext[n] =

∫
Vext(~r)n(~r) d~r. (2.15)

15



16 The quantum many-body problem

All other contribution to the total energy are described by so-called exchange and

correlation energy Exc[n], written as

Exc[n] = FHK [n]− Ts[n]− FH [n] (2.16)

If the exchange and correlation energy would be known, one would be able to calculate

the ground state energy and density of the many-body electron system exactly by

solving the single-particle KS equations self-consistently.

According to the Hohenberg-Kohn theorem, the density n(~r) that minimizes the

functional E[n] is the ground-state density. Taking the variation of Eq. (2.13) with

respect to the particle density leads to a set of self-consistent one-electron equations

for the orbitals ψi(~r). The resulting KS equations are given by

(
−1

2
∇2 +

∫
n(~r ′)

|~r − ~r ′|
d3r′ + Vext(~r) +

δExc[n(~r)]

δn(~r)

)
ψi(~r) = εi ψi(~r). (2.17)

The KS equations describe electrons moving in the one-electron potential

Veff (~r) = Vext(~r) +

∫
n(~r ′)

|~r − ~r ′|
d3r′ + Vxc[n(~r)], (2.18)

where

Vxc[n(~r)] =
δExc[n(~r)]

δn(~r)
. (2.19)

is the functional derivative of the exchange-correlation energy Exc with respect to the

density. Veff (~r) is nothing but the effective potential Vs(~r) required in order that the

non-interacting system yields the exact ground-state n(~r).

The KS equations must be solved self-consistently. One first chooses an initial

trial shape of the function n(~r) and substitutes it into Eq. (2.18) in order to find

Veff (~r). One then solves Eq. (2.10) for the single-particle wavefunctions ψi(~r) and uses

Eq. (2.11) to find the next iteration for n(~r). The solution for n(~r) has been found

when this procedure has been repeated a sufficient number of times so that no further

changes occur in the charge density n(~r). Then, the resulting φi(~r) not only satisfy the

Schrödinger equation for the reference non-interacting electrons, but also the derived

n(~r) coincides with the exact ground state density of the interacting system.

16



2.2 Density functional theory: Fundamental concepts 17

2.2.3 Exchange and correlational functionals

The KS density-functional theory [57] is widely used for self-consistent field electronic-

structure calculations of the ground-state properties of atoms, molecules, and solids.

As described above, the crucial contributions of the exchange and correlation are incor-

porated by means of the exchange-correlation energy functional Exc[n] or, equivalently,

its functional derivative Vxc[n]. In general, the functional of Exc[n] is given by integral

form

Exc[n] ≡
∫
n(~r) εxc(n(~r),∇n(~r), ...) d~r (2.20)

where exchange-correlation energy density εxc is same function of n(~r) at position ~r,

its equivalent ∇n(~r), and so forth. One expect that Exc[n(~r)] or its functional derivate

Vxc[n(~r)] can be written as an expansion over the gradients to arbitrary order of the

density:

Vxc[n(~r)] = Vxc[n(~r),∇n(~r),∇(∇n(~r)), ...]. (2.21)

In other words, the general value of exchange-correlation energy potential Vxc at the

point ~r depends not only on the value of the density at that position ~r, but also on the

variations of n(~r) around ~r.

However, the exact form of the potentials Exc[n] and Vxc[n] are unknown. For this

reason, approximations to the exchange-correlation potential Vxc[n] as a function of

the electron density n(~r) are involved in DFT applications. In fact, these approxima-

tions turn out to be the central importance for the accuracy of the DFT calculations.

Probably the simplest way is to approximate the Vxc[n] for homogeneous electron gas,

which is know and depends only on the value of the density n(~r) at position ~r. This

lead to the LDA in which gradient and high-orders contributions of the density to

the potential Vxc are neglected. For non-homogeneous systems having a non-uniform

electron density the LDA can be improved by including density gradients ∇n(~r) in the

expansion of the Vxc[n(~r)] given by Eq. (2.21). This contribution allows us to take into

account the effects of density gradients on the XC energy, but of course it also makes

the solution of the DFT equations more difficult to solve.

Some of the main XC functionals, beside the LDA, are the following:

• The generalized gradient approximation (GGA) in which the dependence on the

gradient of the density is taken into account.

17



18 The quantum many-body problem

• The meta-GGA, usually more accurate then the GGA, which includes the density,

the gradient of the density and the Laplacian of the density in the expansion of

Exc.

• The hybrid functionals, in which exchange HF-like contributions to Exc are added.

The local density approximation

The LDA is the oldest and most simplest approximation to quantify the exchange

and correlation energy. It was proposed by Hohenberg and Kohn in 1965 [57]. The

LDA is based upon the simple idea of using the known exchange-correlation energy

at a point ~r of the homogeneous electron gas, also for the realistic inhomogeneous

electron gas by setting the density of the homogeneous gas equal to the local density

of the inhomogeneous system. Consequently, the approximation to the XC is written as

ELDA
xc [n] ≡

∫
εLDAxc (~r)n(~r) d~r , (2.22)

where
εLDAxc (~r) = εhomxc [n(~r)] (2.23)

denotes the exchange and correlation energy density of the homogeneous electron gas.

εxc(~r) can be splited into an exchange and a correlation contribution as

εLDAxc (~r) = εhomx (~r) + εhomc (~r) (2.24)

The exchange part εhomx (~r) represents the exchange energy of a homogeneous electron

gas having the density n(~r). It was originally derived by Bloch and Dirac in the late

1920 [65] and is given by

εhomx (~r) = −3

4

(3n(~r)

π

) 1
3
. (2.25)

For the correlation part εhomc (~r), there is no simple explicit expression. However, highly

accurate results from quantum Monte Carlo techniques were found by Ceperley and

later Alder [66] and parametrized by Perdew and Zunger [67].

Spin polarization

The extension of density functional theory to include the effects of spin polarizaztion

is called spin-density functional theory. In magnetic systems this is used together with

18



2.2 Density functional theory: Fundamental concepts 19

the local-spin-density approximation, often referred to as the LSDA [68], in which the

exchange correlation potential depends not only on the local electron density but also

on the local spin density (the difference between the electron density of spin-up n↑ and

spin-down n↓ electrons with n = n↑−n↓). This method can be used to perform realistic

calculations of electronic band structure and obtain quantitative information concern-

ing the spin density of real systems. The form of the local spin-density approximation

is written as

ELSDA
xc [n(~r)] ≡

∫
εxc[n↑(~r), n↓(~r)]n(~r) d~r. (2.26)

For the exchange energy, the exact result (not just for local density approximations) is

known in terms of the spin-unpolarized functional

Ex[n↑, n↓] =
1

2
(Ex[2n↑] + Ex[2n↓]). (2.27)

The spin-dependence of the correlation energy density is approximated by introducing

the relative spin-polarization

P =
n↑(~r)− n↓(~r)
n↑(~r) + n↓(~r)

. (2.28)

The spin-polarization value P = 0 corresponds to the spin-unpolarized (non-magnetic)

case with equal contributions of spin-up and spin down electrons densities, i.e., (n↑ =

n↓), whereas P = ±1 corresponds to the fully spin polarized (ferromagnetic) situation

where one spin density vanish.

By construction LDA is obviously exact for the special case of a uniform electron

gas. Therefore, at first sight one might expect LDA to be accurate when the length

scale over which n(~r) varies is very large [61]. In other words, one could expect the

LDA to be a good approximation only for slowly varying densities. However, the

LDA has been proven to yield very good results in many applications, even for atomic

systems where the hypothesis of a slowly varying density evidently violated [69]. This

is due to the fact that the LDA satisfies a number of exact global features, such as the

sum rule for the exchange and correlation hole. However, the LDA also has several

important failures. For example, the LDA systematically underestimates the band gap

in semiconductors. In the case of Ge the calculated band gap is even negative, which

erroneously indicates that Ge should be a metal [69]. Also, LDA overestimates the

cohesive energies and bond strengths in molecules and solids often by 20% and even

more. As a consequence bond lengths are often underestimated.
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20 The quantum many-body problem

Moreover , this approximation works very well for metals, but not so well for local-

ized systems. This is because the Coulomb energy represents the response of a partic-

ular electron to the electron density, but the density is due to all electrons, including

the particular electron. So electron self-interaction are unavoidably, but mistakenly

included. This is not so bad for the metal where any given electron is just one part of

the vast conduction electron ocean., but disastrous in a localized systems in which a

particular state may be occupied by only on electron.

The generalized gradient approximation

A simple extension to the LDA or LSDA is the generalized gradient approximation. The

GGA exchange and correlation functionals yield much better atomic energies and bind-

ing energies the LDA at a modest additional computational cost. In particular, they

yield a good description of the Hydrogen bond, thus opening the way to calculations

for systems such as water, in which Hydrogen bonds play a crucial role.

For non-uniform electron densities, the XC energy deviates significantly from the

result of uniform electron gas. The GGA exchange-correlation functional explicitly

depends on the gradient of the electron density in order to correct (improve) this

deviation. The energy functional is conveniently written in terms of an analytical

function known as the exchange enhancement factor, Fxc[n(~r),∇n(~r)], which modifies

the LDA XC energy density εhomxc [n(~r)] of the homogeneous electron gas [61]:

EGGA
XC [n(~r)] =

∫
n(~r) εhomxc [n(~r)]Fxc[n(~r),∇n(~r)] d~r (2.29)

In recent years, several GGA implementations have shown their high efficiency and

therefore become a standard choice for calculations. The most widely used XC function-

als involving gradients of n(~r) have been proposed by Perdew and Wang (PW86) [70],

Perdew and Wang (PW91) [71], Perdew, Burke and Enzerhof (PBE) [72], Hammer,

Hansen and Norskov (RPBE) [73]. The meta-GGA functional is in principle more

accurate than the GGA, because it includes more expansion terms depending on the

density, its gradient and its Laplacian. In the present calculations, we have used the

PW91 functionals [71], because these functionals are appropriate and yield more ac-

curate results for the present system.
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2.3 Numerical implementation of DFT 21

2.3 Numerical implementation of DFT

2.3.1 Planewaves and Bloch theorem

In order to perform DFT calculations for periodic systems (i.e., 1D wires, stripes, films

and solids), we take advantage of the fact that the ions are arranged in a regular

periodic ways in one or more directions. This means that the external potential felt

by the electrons will be also periodic with respect to translations along any multiple

of the crystal unit cell extension ~Ri =
∑

jmj~aj, where mj ∈ Z and ~aj are the basis

vectors spanning over the regular Bravais lattice.

The Bloch theorem [74] states that the electronic wavefunction in a periodic solid

can be written as the product of a plane-wave of wave vector ~k within the first Brillouin

zone times an appropriate lattice-periodic function un~k(~r):

ψn~k(~r) = ei
~k·~r un~k(~r), (2.30)

Here, n refer to band index and un~k(~r) satisfies

un~k(~r + ~Ri) = un~k(~r) (2.31)

for all real-space lattice vectors ~Ri (vectors of the crystal lattice) or the length of the

unit cell. This implies that under the lattice translational operator T~Ri , the Bloch

functions transform according to the expression

T~Riψn~k(~r) = ψn~k(~r + ~Ri) = ei
~k·~Ri ψn~k(~r) (2.32)

Bloch functions ψn~k and their eignevalues are periodic in ~k-space,

ψn~k+ ~G(~r) = ψn~k(~r)E~k+ ~G(~r) = En~k(~r). (2.33)

where ~G is an arbitrary reciprocal lattice vector defined by ~G · ~Ri = 2πl, where l is

an integer and ensures that ei
~G·~Ri = 1 for each ~G and ~Ri. The electron wavefunctions

may therefore be written as a linear combination of plane waves:

ψn~k(~r) =
∑
~G

c~k+ ~G · e
i(~k+ ~G)·~r (2.34)
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22 The quantum many-body problem

It is possible to use a plane wave basis set with pseuopotential: an effective potential

that ”mimics” the effect of an nucleus and the core electrons on valence electrons.

The true electronic valence orbitals are replaced by pseudo-orbitals that do not have

the orthogonality wiggles close to the nuclei, which are typical for true orbitals. As a

consequence, they are well described by a much smaller number of plane waves.

2.3.2 Pseudopotentials: Numerical methods of solving the

Kohn-sham equations

To compute the electronic structure of a system using the DFT method, the Kohn-

Sham equations in a single unit cell have to be solved in some efficient numerical

way. One of the central issues concerning efficiency is the rather different behavior

of the electronic wavefunction at different distances from the atomic nuclei i.e., the

different behavior of the outer valance electrons and the inner core states. Indeed,

the KS orbitals of the relevant valence electrons and, in particular localized atomic

wavefunctions of the core electrons (i.e., the 1s, 2s, 2p, orbitals of the TMs considered

in this works) the valence wavefunctions oscillate rapidly in the core region. This makes

it very challenging to describe them precisely without involving extremely large basis

sets. The core electrons are located very near to the atomic nucleus and therefore

do not contribute to the chemical bond formation and to magnetism. It is clear that

focusing on the valence states significantly reduces the actual computational time.

The pseudopotential method is an attempt to handle the complicated effects re-

sulting from the orthogonality of the valance electron with respect to the core electron

orbitals by introducing an effective potential. In this method, a smooth potential is

constructed in order to reproduce the effect of the core on the remaining valence elec-

trons. In this was the KS equations apply only to the valence electrons and the true

atomic orbitals are replaced by pseudo-orbitals which do not have the orthogonality

wiggles close to the nuclei. Consequently, they are well described by a much small

number of plane waves and the computation time is significantly reduced. However,

this simplification has mainly two major drawbacks. First, all information on the full

wavefunction close to the atomic nuclei is lost. This degrades and renders impossi-

ble the calculation of certain properties which depend on the density of KS orbitals

in the core region (e.g., electric field gradients, hyperfine parameters, etc). A second

major limitation is that there is no systematic way to construct reliable transferable

pseudopotentials.

Another commonly used scheme is to consider all-electrons. Thus, all the infor-

mation about the wavefunction is available. This method is often but not necessary

connected to the frozen-core approximation, in which the core orbitals are computed
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once for the isolated atoms and kept fixed. This is justified by the fact that the core

states do not participate in the formation of chemical bonds. One of the most impor-

tant all-electron approaches is the augmented plane-wave method (APW) introduced

by Slater in 1937 [54]. In this approach the space is divided into two regions: spheres

around each core, in which the wavefunctions are taken as some atomic-like partial

waves, and the interstitial region, in which a plane-wave basis is used. The partial

waves and envelope functions are then matched at the boundaries of the spheres.

A spread approach in this context is the PAW method proposed by P. Blöchl in

1994 [75]. This is an extension to both the APW and pseudopotential methods, which

can be retrieved by well-defined approximations. The PAW method unifies all electron

and pseudopotential approaches. The different shape or behavior of the wavefunctions

in different regions points towards the need of a proper partitioning of the space around

the nuclei. The PAW method takes into account this and separates the wavefunction in

two parts: a partial wave expansion within an atom-centered sphere, and an envelope

function outside. The two parts are then matched smoothly at the sphere edge.

The characteristics of the KS orbitals are very different in different regions of space.

They are smooth in the core region, but near the nuclei they show rapid oscillations,

which are very demanding on the numerical representation of the wave functions. In

order to solve this problem, we consider a linear unitary transformation T which maps

pseudo or auxiliary smooth wavefunctions |ψ̃〉 to the physically relevant all-electron

Kohn-Sham single particle wavefunctions |ψ〉:

|ψn〉 = T |ψ̃n〉 . (2.35)

The tilde refers to the representation of auxiliary smooth wavefunctions and n labels

the quantum-state, including the band index, spin and ~k-vector index. The transfor-

mation T modifies the smooth auxiliary or pseudo wavefunction close to the nuclei (in

each atomic region), and it built the all-electron wavefunction with its correct nodal

structure. Therefore, one can write the transformation

T = 1 +
∑
a

Ta (2.36)

as the identity plus a sum of atomic contributions Ta, where each Ta adds the difference

between the true and the pseudo wavefunction only within the core region of a atom.

P. Blöchl proposed three kind of wavefunctions in order to explain Ta. Within the

augmentation region Ωa, every pseudo wavefunction can be expanded ino partial waves

φi,a as

|ψ̃〉 =
∑
i

ci,a |φ̃i,a〉 , (2.37)
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24 The quantum many-body problem

within Ωa. Similarly, the all-electron wavefunction has the form

|ψ〉 =
∑
i

ci,a |φi,a〉 , (2.38)

within Ωa. Hence, we can express the true wavefunction as

|ψ〉 = |ψ̃〉 −
∑
i

ci,a |φ̃i,a〉+
∑
i

ci,a |φi,a〉 . (2.39)

Since T̂ is linear, the coefficients of the pseudo wavefunction |ψ̃〉 must be linear func-

tionals, i.e., scalar products

ci,a = 〈p̃i,a|ψ̃〉 , (2.40)

where the projector functions p̃i,a are fixed.

Since there is zero overlap between different augmentation spheres, the one-center

expansion of a real pseudo wavefunction
∑

i 〈p̃i,a|ψ̃〉 |φ̃i,a〉 has to be identical to |φ̃i,a〉
inside the augmentation sphere. This is equivalent to referring the completeness rela-

tion

∑
i

|φ̃i,a〉〈 p̃i,a| = 1 (2.41)

within Ωa, which in turn implies

〈p̃i1,a|φ̃i2,a〉 = δi1,i2 , (2.42)

within Ωa. In other words the pseudo functions and the partial waves are mutually

orthonormal within the augmentation sphere. Finally, by inserting Eq. (2.40) into

Eq. (2.39) we obtain a closed form for the transformation operator

(2.43)

which permits us to obtain the true, all-electron, Kohn-Sham wavefunction ψ(~r) as

|ψ(~r)〉 = |ψ̃(~r)〉+
∑
a,i

(
|φi,a(~r)〉 − |φ̃i,a(~r)〉

)
〈p̃i,a|ψ̃〉 . (2.44)

Notice that this split the extended-space and the atom-centered contributions. This

allows to obtain compact expression for various quantities in PAW. The first term can

be evaluated on an extended grid, or on a soft basis set, while the last two terms are

evaluated on fine radial grids. In summary, the PAW transformation is expressed in

terms of three components:

• The partial waves |φi,a〉 which are obtained as solutions of the Schrödinger equa-

tion for the isolated atom and utilized as an atomic basis for the all-electron

wavefunctions within the augmentation sphere.
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• The smooth pseudo partial waves |φ̃i,a〉 which match with the corresponding

true partial waves outside the augmentation sphere but are smooth continuations

inside the spheres. These are employed as atomic basis-sets for the pseudo-

wavefunctions.

• The smooth projector pseudo-functions |p̃i,a〉 one for each partial wave, which

satisfy the condition 〈p̃i1,a|φ̃i2,a〉 = δi1,i2 inside each augmentation sphere.

Up to this point the PAW method may be considered as an exact implementation

of DFT. In order to make it a practical scheme, the following three approximations are

required.

i ) Frozen ore approximation: Since the core orbitals are localized within the aug-

mentation spheres, it is assumed that they are are not modified by the formation

of chemical bonds. Therefore, the core Kohn-Sham orbital are taken from the

calculations on the isolated atoms. We thus write

|φnc 〉 = |ψαa,core〉 (2.45)

where the index n on the left hand site refers to both a specific atom a and an

orbital α.

ii ) Finite basis set : The extended pseudo contribution ψ̃n in Eq. (2.44) is measured

outside the augmentation spheres by using either an appropriate basis set or a

real-space grid. In both cases the lack of completeness in the basis or, equivalently

the finite grid-spacing necessary. This is however easy controllable error.

iii ) Finite number of partial waves and projectors : The number of partial waves and

projector functions is also finite. This means that the completeness condition

we have assumed is not strictly fulfilled. However, this approximation can be

controlled by increasing the number of partial waves and projectors until they

form a satisfactory complete space for the expansion of the wave functions within

the augmentation spheres.

More detailed information about the PAW method may be found in Ref. [75].

2.3.3 The Hellmann-Feynman theorem

As pointed out in the discussion of the BO approximation in section 2.1 the electronic

energy E = E(~Ri) for a given fixed ion position ~Ri results an effective potential which

is felt by the ions as they move. This leads to forces acting on the ions. We explicit
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26 The quantum many-body problem

the the Hellmann-Feynman (HF) theorem presented independently by H. Hellmann in

1937 [76] and R. Feynman in 1939 [77]. It states that the derivative of the electronic

energy E with respect to the ion positions ~Ri (which are external parameters) equals to

the expectation value of the derivative of the electronic Hamiltonian Ĥ with respect to
~Ri.

Suppose ψ is a wavefunction of the Hamiltonian Ĥ, than the energy derivative with

respect to ion position ~Ri is given by

∂E

∂ ~Ri

=
∂

∂ ~Ri

〈ψ| Ĥ|ψ〉 = 〈 ∂ψ
∂ ~Ri

| Ĥ|ψ〉+ 〈ψ|Ĥ| ∂ψ
∂ ~Ri

〉+ 〈ψ| ∂Ĥ
∂ ~Ri

|ψ〉. (2.46)

As the exact ground state wavefunction, the energy is minimum with respect to

all possible variations of the wavefunction. It follow that the first and second terms

vanish.

Therefore, the forces ~F acting on the atoms are given by

~F = − ∂E
∂ ~Ri

= −〈ψ| ∂Ĥ
∂ ~Ri

|ψ〉. (2.47)

The force plays an important role in order to determine the local energy minimum

for a given ionic system without recalculating the electronic state, or finding their

derivatives. The total energy of the system decreases by decreasing the ion position

in the direction of the force. In practices, one considers that the minimum-energy

configuration has been reached when the residual forces ~F on all the atoms are smaller

than a given small value (typically ∼ 0.01− 0.001 meV).

2.4 Calculation Tool

In this thesis, the calculation have been performed in the framework of Hohenberg-

Kohn-Sham DFT, as implemented in the Vienna ab-initio simulation package (VASP) [78].

This is a periodic supercell approach. The XC energy-functional is treated by using

Perdew and Wang’s spin-polarized GGA [71]. The spin-polarized KS equations are

solved in an augmented plane-wave basis set, taking into account the interaction be-

tween valence electrons and atomic cores by means of the PAW method [75]. This is an

efficient frozen-core approach, which takes into account the proper nodes of the valence

KS orbitals in the core region and the resulting effects on the electronic structure and

magnetic properties.

The KS wave functions are expanded in the interstitial region in a plane wave basis

set with a cut-off energy of Emax = 500 eV. The integrations in the Brillouin zone
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2.4 Calculation Tool 27

(BZ) are performed by using the Monkhorst-Pack scheme [79]. The used numbers of

k-points are defined in the respective chapter for each system. The cut-off energies

and k-points have been checked to yield accurate results for the present systems. For

metallic-like systems, one often finds very rapid variations of the states close to the

Fermi level εF that may cause a poor convergence of the relevant physical quantities

such as the total energy or the local magnetic moments. Therefore, a smearing of the

KS levels is introduced in order to improve the numerical stability. Here, we use a

Gaussian smearing with a width σ = 0.05 eV, a value that ensures that the smearing

contribution to the total energy is less than 1 meV/atom. The criterion for the energy

convergence has been set to 10−5 eV and the force on each atom less than 10−2 eV/Å.

This DFT method is expected to yield an accurate description of the electronic

structure results even for large systems, and it requires a relatively small plane-wave

basis set for each atom in the calculation. It also contains the opportunities to include

spin orbit coupling, noncollinear spiral SDWs [80], and external electric fields in the

system [81]. Based on its past success, we utilize DFT-GGA for our studies.
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Chapter 3
Theory of magnetism in transition metal

nanostructures

3.1 Noncollinear magnetic order in density func-

tional theory

In principle, the spin-polarized DFT, as presented in the section 2.2, allows us to deter-

mine the ground-state of any magnetic system showing collinear as well as noncollinear

orders. In the collinear case, the magnetization ~m(~r) has the form ~m(~r) = m(~r) µ̂,

where µ̂ is the unit vector independent of ~r. In other words, ~m(~r) is either parallel or

antiparallel to a given direction of µ̂. The collinear spin-density formalism only allows

us to consider single-particle wave function having either spin-up or spin-down char-

acter. Therefore, it is always possible to choose the spin coordinate frame such that

the spin-quantization axis pointing along the z-direction. In noncollinear configura-

tions, the single-particle KS orbitals having a mixed spin-up and spin-down character.

This is indispensable in order that the magnetization density ~m(~r) varies not only in

magnitude but also in direction. In noncollinear spin-polarized DFT the fundamental

variable is the Hermitian 2× 2 density matrix nαβ(~r), where α and β are refer to spin

indices (α, β =↑, ↓). Accordingly, the KS orbitals are represented by spin-1/2 spinors.

The charge density n(~r) is given by the trace

n(~r) =
∑
α

nαα(~r). (3.1)

The magnetization density is obtained from

~m(~r) =
∑
αβ

nαβ(~r) · ~σαβ, (3.2)

29



30 Theory of magnetism in transition metal nanostructures

where ~σ = (σx, σy, σz) is the vector of Pauli matrices. Conversely, one may express

nαβ(~r) in terms of n(~r) and ~m(~r) as

nαβ(~r) =
1

2
[δαβ n(~r) + ~σαβ · ~m(~r)] (3.3)

or where explicitly, as

nαβ(~r) =
1

2

(
n+mz mx − imy

mx + imy n−mz

)
. (3.4)

The functional derivatives of the exchange and correlation energy EXC[nαβ(~r)] =

EXC[n(~r), ~m(~r)] with respect to the charge and spin densities yield, for example in the

local spin density approximation, the scalar XC potential

υXC[~r, n(~r), ~m(~r)] =
δEXC

δn(~r)
= εXC + n(~r)

δεXC

δn(~r)
(3.5)

and the XC magnetic field

~bXC[~r, n(~r), ~m(~r)] =
δEXC

δ ~m(~r)
= ~m(~r)n(~r)

δεXC

δm(~r)
(3.6)

Notice that in LDA, and in others semi-local approximations to the XC energy, the XC

energy density εXC depends only on the norm m(~r) of the magnetization density and

not on the relative orientation of ~m(~r) at different points. Therefore, the XC magnetic

field ~bXC(~r) is parallel to the magnetization density ~m(~r). The same holds for the

generalized gradient approximation [71, 80]. Further details on the implementation of

noncollinear magnetism the PAW formalism may be found in the Ref. [80].

Let us finally mention that in noncollinear calculations the computational effort

increases by a factor of 4 in comparison with the collinear calculation. Furthermore, in

many cases noncollinearity reduces the symmetry of the problem, which results in an

increase of the irreducible wedge of the Brillouin zone. Thus, a larger number of Bloch

vectors ~k have to be incorporated. Since the computational requirement increases

with the number of ~k-points, the noncollinear calculations are in general highly time-

consuming.

3.1.1 Spin spiral

A spin spiral is a periodic static noncollinear magnetic structure in which the local

magnetic moments ~µi at the different atoms i are rotated around a given axis n̂ by
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Figure 3.1: Illustration of a spin spirals with spin-rotation axis perpendicular and parallel

to the wave vector ~q. The magnetic moment is rotated by wave vector ~q = (0, 0, π/a)

between the neighboring atoms. (a-c) shows a tilted view of the spirals with cone angle

θ = π/4, and (b-d) flate spirals with cone angle θ = π/2 (after Ref. [82]).

a constant angle ∆φ along a certain direction q in a crystal. These magnetic struc-

tures are also called spiral SDWs in order to distinguish them from the longitudinal

spin-density waves. The magnitude q of spin density wave vector ~q = q q̂ defines the

periodicity of the spin spiral order by the usual relation λ = 2π/q, where λ is the

wave length. The angle of the local magnetic moment µi at atomic position ~Ri is given

by φi = ~q · ~Ri. Thus, all atoms lying on a plane perpendicular to ~q share the same

angle of rotation. Assuming for a simplicity that the rotation axis n̂ is along the z-axis

[n̂ = (0, 0, 1)]. The local moment ~µi at atom i is given by

~µi(~Ri) = µ0

 cos(~q · ~Ri) sin θ

sin(~q · ~Ri) sin θ

cos θ

 , (3.7)

where µ0 is the magnitude of the magnetic moment, which is assumed to be site-

independent. The angle θ between the rotation axis and the local moments is known

as the cone angle.

Three parameters are important to define a spin spiral wave:
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32 Theory of magnetism in transition metal nanostructures

i ) The spin spiral vector ~q, which defines the propagation direction of the wave

and the angle between the local moments at neighboring atoms,

ii ) the rotation axis n̂ around which the local moments are oriented, and

iii ) the cone angle θ, which defines the direction of the magnetic moment at the

origion of the coordinate system ~µ(Ri=0) = (sin θ, 0, cos θ) [see Fig. 3.1].

Fig. 3.1 shows that the four different spin spiral configurations with wave vectors ~q =

(0, 0, π/4a). For θ = π/2, the spirals rotate in the plane perpendicular and parallel

to the rotation axis and are called flat spirals [see Fig. 3.1 (a-c)]. This method is

computationally demanding, because it requires a large magnetic unit cell in order to

compute the energy of spin spiral particularly for small ~q-values. However, within this

scheme the spin-orbit coupling effects on the stability of spin spiral can be calculated.

3.1.2 Constrained magnetic moments

In order to determine the energy of the magnetic system (e.g., TM nanostructurs)

corresponding to a fixed arbitrary set of orientations {êi} of the local magnetic moments

at each atom i, it is necessary to impose constraints on the magnetization density

~m(~r), since arbitrary spin arrangements are not equilibrium states in general. For this

purpose we apply constraints to spin-projected DFT by means of the penalty functional

method [60,83]. In the scheme proposed by Haynes and Payne [84] a penalty functional

EP [~m(~r)] =
λ

2

∑
i

[~µi − (~µi · êi) êi]2 (3.8)

is added to the Hohenberg-Kohn energy functional EHK[n(~r), ~m(~r)], where the local

magnetic moment

~µi = 〈~m〉i =

∫
WS(i)

~m(~r) dr3 (3.9)

at atom i is obtained by integrating ~m(~r) within the corresponding WS sphere.

Eq. (3.8) can be written as

EP [~m(~r)] =
λ

2

∑
i

(~µ⊥i )2, (3.10)

where ~µ⊥i is the projection of ~µi perpendicular to ~ei. This penalty functional has an

effect that is similar to an applied local magnetic field and can be regarded as such.
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3.1 Noncollinear magnetic order in density functional theory 33

The aim of including this term in the Hamiltonian is to force the local moment ~µi
to have the specific direction êi. The parameter λ > 0 entering Eq. (3.8) controls

the strength of the local magnetic fields acting inside each WS cell, which impose the

constraints. Hence, in the limit of λ→ +∞, the local moments are forced to be parallel

to the unit vectors êi. The additional contribution to the total energy produced by

the constrained local moments decreases with increasing λ and can in principle be

made vanishingly small. Increasing λ stepwise, from one run to another (slowly so

the solution remains stable) one thus converges towards the DFT total energy for a

given magnetic configuration [78]. However, a value of the order of λ = 10–50 eV/µB
is usually large enough, so that EP and the deviations from the imposed magnetic

arrangement can be simply neglected.

3.1.3 Generalized Bloch theorem

The generalized Bloch theorem (GBT) is an alternative and a simple approach to de-

scribe spin spirals in periodic systems [85]. Within this approach it is possible to

improve the computational efficiency as well as numerical accuracy by reducing the

number of atoms in the supercell. Using the GBT, for example, in the case of the

linear chain, one needs only one atom in unit cell to compute the spin spiral dispersion

relation even for very small ~q-values. A direct comparison between these two methods

is illtrusted in Fig. 3.2.

According to the classical Bloch theorem as discussed in section 2.3.1, the wave-

function ψn~k(~r) is translational invariant with a translation operator T~Ri . For a

spin-polarized system in which the magnetization is rotating with a constant angle

∆φ = (~q · ~Ri+1) − (~q · ~Ri) along a certain direction in the crystal. The wavefunction

ψn~k(~r) of the system remains invariant under the general translation and satisfies the

equation

U(ϕ)ψn~k(~r + ~Ri) = ei
~k·~Ri ψn~k(~r) (3.11)

where U(φ) represents a spin-1/2 rotation matrix by an angle φ perpendicular to

z-axis, which can be written as

U(ϕ) =

[
e−iφ/2 0

0 eiφ/2

]
(3.12)
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34 Theory of magnetism in transition metal nanostructures

Figure 3.2: Illustration of two different possibilities of flat spiral spin-density wave in a

linear chain having a wave vector ~q = (0, 0, π/2a): (a) using a large spuercell, (b) generalized

Bloch theorem approach. The high-lighted unit cell are used for spin spiral calculations.

On the basis of generalized Bloch theorem, the wave function is described as a two

components Bloch spinors instaed of the usual one-electron wave function. The Bloch

spinors are still characterized by a wave vector ~k in the first Brillouin zone

uσ
n~k

(~r + ~Ri) = uσ
n~k

(~r), (3.13)

with σ ∈ {↑, ↓}

ψn~k(~r) = ei ~q·
~k

(
ei~q·~r/2 u↑

n~k
(~r)

e−i~q·~r/2 u↓
n~k

(~r)

)
. (3.14)

Here, the functions u↑
n~k

(~r) and u↓
n~k

(~r) are related to spin-up and spin-down com-

ponents and invariant with respect to lattice translations. Therefore, It is possible to

calculate the magnon-dispersion relation in periodic systems by applying the generlized

Bloch theorem. GBT holds only in the absence of spin-orbit coupling.

3.2 The classical Heisenberg model

The NC ground-state magnetic order obtained from the DFT calculations can be ana-

lyzed from the local perspective in terms of the phenomenological classical Heisenberg

model. The energy of the TM nanostructur is described as a function of relative ori-

entation of the local magnetic moments by the Hamiltonian
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H = −
N∑
i=1

ν∑
δ=1

J0δ µ̂i · µ̂i+δ , (3.15)

where µ̂i is the unit vector along the direction of the magnetic moment at atom i, and

J0δ is the effective exchange interaction between the moment at atom i and its δth

NN. The spin can be classified into three groups: ferromagnets (FM), antiferromag-

nets (AF), and noncollinear (NC), which can be well described in terms of classical

Heisenberg model. For J01 > 0, the local moments µ tend to be all aligned in parallel

direction or FM. In the case of J01 < 0, the adjacent local moments prefer antialign-

ment (antiparallel) or AF. In addition, there exist noncollinear or incommensurate spin

structures, an example of magnetic frustration, in which the competing exchange inter-

actions arising from different atoms cannot simultaneously be satisfied. Furthermore,

NC or flat spin spiral is a general solution of the classical Heisenberg model in which

the local magnetic moment are given by Eq. (3.15) with the spin spiral wave vector ~q.

The total electronic energy E(q) of a flat spiral SDWs is is derived from the

Eq. (3.15) reads as

E(q) =
n∑
δ=1

J0δ [1− cos(qδa)] , (3.16)

the interaction parameters J0δ corresponding to different geometries and lattice param-

eters can be calculated by mapping the Eq. (3.16) to calculated ab inito results. The

effective interactions between the local magnetic moments µi can also be calculated as

the Fourier coefficients of E(q), which is an alternative approach and express as

J0δ = −a
π

∫ 2π/a

0

dq E(q) cos(qδa) . (3.17)

The discrete Fourier transformation yields more accurate results, but one needs to

check the convergence by acquiring fine value of n-points. In present work, we find

that the interaction up to six NNs (n = 6) provides a very accurate description of all

the calculated ab initio dispersion relations.

3.2.1 Effective interactions between local magnetic moments

As we shell see the Heisenberg model provides a very accurate phenomenological

description of the ab initio results by obtaining the exchange interactions from the

magnon dispersion relations via Eq. (3.16) for all considered nanowire geometries.
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36 Theory of magnetism in transition metal nanostructures

3.2.2 Magnetic phase diagrams

A more detail analysis of the stability of flat spiral density wave in our considered 1D

system is provided by the magnetic phase-diagrams of the classical Heisenberg model.

(J01-J02) phase diagram

The energy dispersion of 1D systems including the first two NN interaction parameters

J01 and J02 is given by

E(q) = 2J01 cos(qa) + 2J02 cos(2qa) . (3.18)

For a minimum of energy [maximum E(q)] we require

∂E

∂q
= 0→ J01 = −4 cos(qa) or q = 0 π/a, (3.19)

and

∂2E

∂q2
< 0 or J01 cos(qa) > −4J02 cos(qa). (3.20)

The three cases are summarized in the following

FM AF NC

q = 0 q = ±π/a qa 6= 0, ±π/a
J01 > −4J02 J01 < 4J02 Rotating angle qa defined by

cos(qa) = −J01/4J02 and

e.g. J01 > 0, J02 = 0 e.g. J01 < 0, J02 = 0 J01 cos(qa) > −4J02 cos(qa)

Restricting the range of the interactions up to the most important couplings e.g.,

J01 and J02. One identifies three distinct regimes: the FM, AF and the NC regions.

The (J01–J02)-phase diagram of the classical Heisenberg model as a function of the

interactions between the first and second NNs summarizes very clearly the compe-

tition between these couplings and the resulting ground-state magnetic orders [see

Fig. 3.4 (a)].

36



3.2 The classical Heisenberg model 37

Figure 3.3: Magnetic phase diagram of the 1D Heisenberg model having first and second NN

interactions J01 and J02, respectively. The three regions refer to the stable ferromagnetic

(FM), antiferromagnetic (AF), and spiral spin-density wave (SDW) configurations. The

dotted lines correspond to the spin-spiral arrangements for different values of q.

(J01-J02-J03) phase diagram

It is more less well know that the decays of the exchange interaction in 1D system

is slower than in 2D and 3D ones. Therefore, it is expected that J02 and J03 might

take some relevance. Later on, in our present work, we find that only first and second

interactions J02 and J02 are not enough to reproduce calculated ab initio results, re-

spectively (it can be verified by mapping the dispersion relations to the higher-order

interaction coupling ∼ J03 or J04). Therefore, one can rewrite the Heisenberg energy

dispersion equation (3.16) by including the J03 interaction coupling:

E(q) = 2J01 cos(qa) + 2J02 cos(2qa) + 2J03 cos(3qa) , (3.21)

A local minimum for q = 0 is obtained if

1

a2
∂2E(q)

∂q2
= J01 + 4J02 + 9J03 > 0 (3.22)
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38 Theory of magnetism in transition metal nanostructures

Figure 3.4: Magnetic phase diagram of the 1D Heisenberg model having first, second

and third NN interactions J01, J02 and J03, respectively. The regions where the magnetic

configurations are favored over others are indicated.

and q = π/a has a local minimum if

1

a2
∂2E(q)

∂q2
= −J01 + 4J02 − 9J03 > 0 (3.23)

In order to find out the local minimum of spiral SDW arrangements, we obtain the

following conditions read in the form

1− 3
J03
J01

+ 4
J02
J01

cos(qa) + 12
J03
J01

cos(qa)2 = 0 , (3.24)

cos(qa) +
J02
J01

cos(2qa) +
J03
J01

cos(3qa) > 0 .

for J01 > 0 (FM). These equations can only solved numerically.

By employing the above conditions, it is possible to plot a phase diagram having

first, second and third NN interactions J01, J02 and J03, where one can see the stability

of magnetic orders including FM, AF and spin spiral. Fig. 3.4 (b) shows a phase dia-

gram which indicates the stability zones of the NC spiral configurations. For instance,
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for a spin spiral having q = π/2, we obtain by using Eq (3.27)

J03
J01

= −1

3
(3.25)

whereas for q = 1/6
J03
J01

=
1

3
− 2

3

J02
J01

(3.26)

Similarly, in the case of J01 < 0 (AF), the conditions for a spiral minimum take the

form

−1− 3
J03
J01

+ 4
J02
J01

cos(qa) + 12
J03
J01

cos(qa)2 = 0 , (3.27)

cos(qa) +
J02
J01

cos(2qa) +
J03
J01

cos(3qa) > 0 .

Moverever, we can also explain the nature of magnetic solutions by analyzing the

curvatures of Eq. (3.22) and Eq. (3.23). The positive values prefer the FM and AF

orders, whereas negative values give rise the possibility of spin spiral configurations.

In this context, we analyze others NC magnetic configurations that they can not

be described by a spiral spin-density wave. This study allows us to verify the stability

of the spin spiral structures in a more rich variety of magnetic alignments.

3.3 Spin-orbit interaction

Relativistic effects play an important role especially in low-dimensional systems (e.g.,

nanowires, clusters, and ultra-thin films) than in bulk. The MAE is caused by the spin-

orbit coupling and the magnetic dipolar interaction. In the presence of SO coupling,

the energy for different magnetization orientations give rise to the distinction between

minimal (easy axis) and maximal (hard axis) energy orientations. The MAE is, together

with saturated magnetization, on of the main characteristics of any magnetic material.

It determines the low-temperature orientation of magnetization and the stability of

the magnetization direction against thermal fluctuations. For the technology point of

view, the magnetic anisotropy and the orbital anisotropy have crucial importance in

magnetic recording or memory devices, where one aims to pin the magnetization to

a given direction in space. In 3d TM monoatomic chains the calculated MAE is of

the order of ∼ 2–10 meV [1, 3, 4, 86], which is very large in magnitude with respect to

corresponding bulk values. However, a significant enhancement of MAE is observed in

mixed 3d–5d magnetic alloys [87].
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Figure 3.5: Magnetization ~M direction in

terms of the polar angle θ and azimuthal φ

angle.

3.3.1 Magnetic anisotropy energy

The spin-orbit coupling is the interaction of the spin of a particle with its orbital

moment. This is a relativistic effect that can be derived from the Dirac equation [65].

The spin-orbit interaction of a single atom is given by

ĤSO =
~

2me
2c2

(∇V (~r)× ~p) · ~σ , (3.28)

where ~σ are the Pauli matrices, V (~r) is the electrostatic potential within the

muffintins around each atomic nucleus and ~p is the moment of the electron. Taking

into account the spherical symmetry of the potential, HSO can be rewritten as

ĤSO = ξ(~r) L̂ · Ŝ (3.29)

with

ξ(~r) =
1

2me
2c2

1

r

∂V

∂r
(3.30)

L̂ and Ŝ are the orbital and spin angular momentum operators (in the unit of ~),

and ξ(~r) is the spin-orbit coupling constant (that is normally decaying faster with

increasing distance). The spin-orbit coupling can be included as a perturbation in the

scalar relativistic Hamiltonian Eq. (2.17) with a self-consistent treatment of spin-orbit

contribution at each variational step.

Magnetic anisotropy can be defined as the change of the total energy of a magnetic

system as a function of the orientation of the magnetization ~M with respect to the

crystalline axes. This means that there are some unique directions in space in which
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a magnetic material is easy or hard to magnetized. Fig. 3.5 illustrates the procedure

to calculate the MAE for different values of ~M . For 1D system, we define the MAE in

the following form

EMAE(θ, φ) = E(θ, φ)− E(0, 0) , (3.31)

where θ and φ are the polar and azimuthal angles, respectively [see Fig. 3.5], and

EMAE(θ, φ) =
N∑
i=1

K sin2 ϕi (3.32)

where K stand for the anisotropy energy constant and ϕi is the angle between the

easy axis and the local moment at lattice position i. A positive anisotropy constant K

corresponds to an easy axis along the chain-direction, while a negative of K corresponds

to an easy plane perpendicular to the chain-direction.

According to Bruno’s model [88] which based on second-order perturbation theory,

the MAE induce due to spin-orbit interactions is proportional to the anisotropy of the

orbital moment. Thus, anisotropy energy can be written as

EMAE = − ξ

4µB
∆L (3.33)

where ∆L are the difference in orbital moments between the easy and hard axis. In

other words, this approach lies in the analysis of the variation of orbital moments (also

called orbital anisotropy) between two quantization axes.

3.4 External electric fields

An external electric field (EF) induces charge distributions corresponding to a screening

charge density at the the metallic surface. In the case of magnetic metals (e.g., FM

Ni surface), this gives rise to modifications of the spin imbalance at the Fermi level

with respect to the equilibrium state [89]. Since the screening charges at the surface

are spin-polarized they can influence almost any magnetic properties of the system, for

example the spin moments, the anisotropy energy, the orientation of magnetization ~M

with respect to the crystal structure or surface [21], the exchange interactions [90], etc.

In the recent paper, Negulyaev et al. showed that the Mn dimer on Ni(100) has multi-

stable magnetic ground states in the presence of an external EF [90]. In this work, both

collinear and noncollinear magnetic orders were taken into account. In collinear case,
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Figure 3.6: Illustration of a unit cell un-

der the influence of the external electric

field (EF). The dipole layer is placed in

the middle of the vacuum space. The EF

is applied perpendicular to the substrate

along the z direction, while the 3d TM

linear chain is periodic in x direction.

the FM order is more favorable in the absence of EF. When the dimer is exposed to

an external EF, the exchange energy changes dramatically. Negative (positive) values

of the EF favor the FM (AF) order. In the case of NC calculations, noncollinearity is

destroyed by a negative EF, while a positive EF sustains the noncollinear alignment

with an angle of about 116o between NN spins.

In the present work, we are interested in investigating the effect of the external

EF on the electronic and magnetic properties of 3d TM chains including collinear and

noncollinear magnetic configurations.

In supercell DFT calculations, an external EF can be introduced by adding a dipole

layer in the vacuum region in the middle of the unitcell [81]. A schematic diagram of

the static uniform external EF applied perpendicular to a slabs is shown in Fig. 3.6. An

external EF introduces a potential V (z) = Ezz, as a result the electronic potential along

the z direction is strongly modified. The charge distribution is therefore modified by

keeping the charge neutrality of the whole system. Positive (negative) values of Ez refer

to outwards (inwards) direction of the fields with respect to the surface [see Fig. 3.6].

An alternative approach to include the external EFs is to introduce point charges Q.

Similar to dipole layer method, the charge neutrality of the supercell is preserved by

means of compensating background charges. Here, the Q > 0 (Q < 0) refers to the

added (depleted) electrons per unit cell [21].

The change in KS Hamiltonian introduced by the external EF is given by

∆H = φext(~r)− φo , (3.34)
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where ~E(~r) = −~∇φext(~r) and φ0 describes the interaction between φext and ionic pseu-

dopotentials. Therefore, the additional external electrostatic potential term in the

Hamiltonian modifies the free-energy functional FHK [Eq. (2.8)] to

F̃ [n(~r)] = FHK [n(~r)] + ∆E[n(~r)] , (3.35)

where the change in energy ∆E[n(~r)] is written as

∆E[n(~r)] = −e
∫
φext(~r)n(~r) d~r + e

∑
i

Zi φext(~Ri) . (3.36)

In the above equation Zi and ~Ri stand for the atomic number and position of the ith

ion core. According to this method, the total energy of the system changes due to the

external EF.

3.5 Technical details

As discussed section 2.4, our investigations are performed in the framework of den-

sity functional theory as implemented in the Vienna ab-initio simulation package

(VASP) [78]. Noncollinear magnetism is treated within a fully unconstrained formal-

ism [80].

To compute the forzen-magnon dispersion relation in TM chains, the spiral SDWs

are constructed using the supercell approach by constraining the local moment ~µi at

each atom i with different values of spin wave vector q. Consequently, for small q,

one needs a large unit cell of length Na, being N is the number of atoms in the

supercell and a is the nearest-neighbor distance [see Fig. 3.1 (a)]. In the present study,

the calculations are performed by exploiting the generalized Bloch theorem (GBT) as

discussed in section 3.1.3. Additionally, a large unit cell is considered for the analysis

of the local d-electron density of states ρdiσ(ε) and magnetization density.

The MAE has been calculated using the so-called force theorem. In this method one

computes the total energy difference between the single-particle KS eigenvalues corre-

sponding to the two involved orientation of ~M . These calculations are less demanding

than the self-consistent ones. Since the MAE is a very small quantity (of the order

of a few meV), a large plane-wave energy cutoff Emax = 500 eV and a dense value of
~k-mesh, which depends on the system, are required in order to ensure the accuracy of

the calculations.
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An external EF is applied by introducing a planar dipole layer inside the vacuum

region as discussed in Ref. [81]. The calculations of the spiral SDWs in the presence of

the external EF are performed self-consistently using a large supercell cell as described

in section 3.4. As discussed previously, the GBT does not hold in the presence of

the external EF or if SOC is taken into account, since the atoms with different mag-

netization directions are not equivalent anymore, and therefore the roto-translational

symmetry is broken. The calculated results are presented in chapter 6.
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Chapter 4
Spiral spin-density waves in 3d

transition-metal monoatomic chains

In this chapter, we investigate the electronic and magnetic properties of one-dimensional

3d TM (V, Mn and Fe) nanowires from a first-principles prospective within the frame-

work of density functional theory. The stability of various collinear and noncollinear

spin arrangements is analyized in terms of the forzen-magnon dispersion relation. The

dependence of the local magnetic moment µ as a function of spin wave vector q is dis-

cussed, which reveals the itinerant character of the magnetism of the nanowires. The

electronic structures of the wires are analyized by comparing the density of states ρdiσ(ε)

for different representative values of q. The effect of structural variables such as the

interatomic distance a on the stability of noncollinear solutions has been investigated.

The resulting effective exchange parameters Jij between the local magnetic moments

are discussed in the context of a simple classical Heisenberg spin model. Jij-phase

diagrams are calculated to analyze their relative stability from a phenomenological

perspective.

4.1 Introduction

Despite its long history the magnetism of low-dimensional systems such as nanowires,

ultrathin films, and nanostructures has recently gained considerable attention for ba-

sic science and applications. Understanding these magnetic systems would allow us

to take advantage of their novel properties and to design new materials with the de-

sired characteristic. Indeed, a wide variety of studies have been performed, which

range from experimental and theoretical basic studies all over to material-science de-
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46 Spiral spin-density waves in 3d transition-metal monoatomic chains

velopments geared to specific technological purpose. Particular attention design non-

volatile magnetic random access memories or recording heads for ultrahigh-density

hard-disk drives and spintronic devices [2,13,14,91–95]. In this context, 3d TM ultra-

thin films and nanowires deposited on non-magnetic substrates are expected to yield

non-magnetic structures due to hybridization between the d-orbitals and the metal

substrate (e.g., Cu, Pd, Pt). Novel experimental techniques have been developed such

as spin-polarized STM and diffusion-controlled aggregation, which are capable to in-

vestigate the magnetic structures at the nanoscale and even atomic level. A variety of

nanostructures including small particles, 1D TM nanowires, and 2D islands of various

sizes can be created at surfaces by STM manipulation. Making used of these tech-

niques, experimental investigations performed on atom-by-atom engineered structures

have revealed a number of interesting effects, such as the enhancement of orbital mag-

netism and magnetic anisotropy [2, 4], long-range atomic ordering of adatoms [5, 44],

non-collinear spin arrangements, quantum confinement, and self-alignment of local mo-

ments in nanowires [8]. Consequently, 1D magnetic nanostructures define a fascinating

research field, where a number of current fundamental experimental and theoretical

interests converge.

Most recently, experimental and theoretical investigations have revealed that the

significant reduction in dimensionality of 1D 3d TM nanowires, can lead to a wide

spectrum of interesting properties, in particular, large magnetic anisotropy, short-

range and long-range exchange interactions and NC magnetic structures. Moreover,

low-dimensional magnetic systems offer new possibilities to control the magnetic order,

which sensitively depends on the geometrical structure. Besides the well-know collinear

magnetic spin-arrangements, a large variety of complex NC structures exist (e.g., spin

spiral density waves or skyrmion) [36]. For instance, Zelený et al. [40] have explored

the NC magnetic order of manganese nanostructures, from nanowires to nanorods con-

sisting of 6-Mn atoms, in which the magnetic moments are rotated by 120o between

nearly neighbor atoms. They found that Mn nanowires have a NC magnetic ground

state instead of spin-spiral configurations. Saubanère et al. [41] investigated the stabil-

ity of spiral SDWs in V wires for different values of the NN distance a. They revealed

that V wires develop stable NC spiral magnetic state at a < 2.55 Å. In this case,

noncollinearity is mainly the consequence of competing FM and AF couplings between

first and second NNs. Furthermore, Tung et al. [42] and Schubert et al. [43] extended

these investigations in various directions. However,in all these studies the effects of

spin-orbit coupling have been neglected. Very recently, spin-polarized STM experi-

ments on finite biatomic Fe chains on the (5×1)-Ir(001) surface have revealed that the

Fe chains show a noncollinear magnetic ground state. These results are in excellent

agreements with DFT calculations [36]. Both studies conclude that the antisymmetric

DMI is the driving force for the formation of the spin-spiral.
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Noncollinear arrangements are often the result of magnetic frustrations such as AF

NN interactions in non-bipartite lattices or competing FM and AF interactions between

atoms at different distances. Previous theoretical studies using DFT have succeeded in

describing SDW states in itinerant-electron magnetic materials such as bulk Cr, γ-Fe,

and U compounds [22–25]. Even in systems that are usually ferromagnetic, for example

Fe, Co, and Ni, spin-spiral orders have been predicted to become stable under certain

conditions (e.g., particular structures at high pressure) [26].

The spiral SDWs in low-dimension magnetic systems are of special interest from a

fundamental prospective, which can provide important information for characterizing

the magnetic materials and their structures. Many parameters such as the exchange

and dipolar interactions, magnetic anisotropies and applied electric and magnetic fields

can affect the behavior of the spin-waves. Moreover, the spin-spiral structures can also

be useful to simulate some effects of temperature-induced spin fluctuations in the adia-

batic approximation by analyzing the excitation energy spectrum, particularly at very

low temperatures where long-wavelength magnons dominate. In this context, a number

of theoretical and experimental studies have been performed which provide information

related to the temperature variation at a particular energy level. Another examples of

spin-spiral structures are the magnetic domain walls (DWs) in FM and AF materials,

which have always attracted considerable experimental and theoretical attention, ever

since the pioneering works of Bloch and Néel [31, 74]. Therefore, understanding the

physics of noncollinear structures is crucial to numerous applications.

The aim of this chapter is to investigate the stability of noncollinear spiral magnetic

order in 1D 3d TM nanowires. Here, we focus on V, Mn and Fe nanowires as important

representative examples of 3d metals, because we expect that these elements might have

a tendency to stabilized the noncollinear spin arrangements in the low dimensional

regime. In section 4.2, the considered model of spiral SDWs in the 3d monoatomic

chains is presented together with the theoretical background. The structural, electronic

and magnetic properties are analyzed in section 4.3 from the local prospective. Finally,

in section 4.5 the conclusions are given

4.2 Simulation model and Computational details

A flat spiral SDW in infinite free-standing 3d TM chains, defined by their wave vector

~q = [0, 0, 2π/(Na)], is simulated within a supercell approach by constraining the direc-

tion of the local magnetic moment µi at each chain atom i as discussed in section 3.1.1,

being N number of atoms in the supercell and a is the nearest-neighbor distance. For

each integer N ≤ 16 all the spiral SDW vectors ~q compatible with the supercell period-
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48 Spiral spin-density waves in 3d transition-metal monoatomic chains

Figure 4.1: Illustration of a spiral spin-density wave having a wave vector ~q = (0, 0, π/4a)

with periodic length |λ| = 8a in a chain of atoms and spin polarization within the xz plane.

icity are considered, i.e., q = 2πn/(Na) with 0 ≤ n < N and [see Fig. 4.1]. The others

q-values laying between q = 0 (FM) and q = π/a (AF) are the NC spiral magnetic

arrangements. The supercell dimensions perpendicular to the wire are large enough to

avoid any interaction with periodic replicas. In practice, 16 Å is found to fulfil this

condition.

The present calculations have been performed in the framework of Hohenberg-

Kohn-Sham DFT, as implemented in Vienna ab-initio simulation package (VASP) [78].

The exchange and correlation (XC) energy-functional is treated by using Perdew

and Wang’s spin-polarized generalized-gradient approximation (GGA) [71]. The spin-

polarized Kohn-Sham (KS) equations are solved in an augmented plane-wave basis set,

taking into account the interaction between valence electrons and ionic cores by means

of the projector-augmented wave (PAW) method [75]. This is an efficient frozen-core

all-electron approach, which takes into account the proper nodes of the valence KS

orbitals in the core region and the resulting effects on the electronic structure and

magnetic properties. For the present work the 4s, 4p and 3d orbitals are treated as

valence electrons. The KS wave functions are expanded in the interstitial region in

a plane wave basis set with a cut-off energy Emax = 500 eV. The integrations in the

Brillouin zone (BZ) are performed by using the Monkhorst-Pack scheme with a k-mesh

of 1× 1× 120/N points [79], which has been checked to yield accurate results for the

present systems. Test calculations with higher cut-off energies and additional k points

have shown that these values are a good compromise between accuracy and compu-

tational effort. The accuracy of our calculations, for example in the total energy, is

estimated to be 1 meV/atom or better. For metallic-like systems, one often finds very

rapid variations of the states close to the Fermi level εF that may cause a poor conver-

gence of the relevant physical quantities such as the total energy or the local magnetic

moments. Therefore, a smearing of the KS levels is introduced in order to improve

the numerical stability. Here, we use a Gaussian smearing with a width σ = 0.02 eV,

a value that ensures that the smearing contribution to the total energy is less than
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10−4 eV/atom. The criterion for the energy convergence has been set to 10−5 eV and

the force on each atom less than 10−2 eV/Å.

4.3 Interplay between magnetic and electronic prop-

erties

4.3.1 V monoatomic chains

In order to investigate the stability of noncollinear magnetism in V nanowires we de-

termine the frozen-magnon dispersion relation ∆E(q) = E(q) − E(0) for spiral spin

arrangements as a function of the SDW vector q. Results for the magnetic excita-

tion energy ∆E(q) referred to the corresponding FM state (q = 0) are reported in

Fig. 4.2 (a). Several representative values of the lattice parameter a are considered in

order to simulate some of the effects of interaction between the wire and a substrate

or ligand environment.

For large a (a ≥ 2.6 Å) the simplest FM state is the most stable magnetic order.

However, as the NN distance decreases below a ' 2.55 Å there is a finite range of

SDW vector 0 < q < π/a for which the noncollinear spiral spin arrangements are more

stable than both collinear FM or AF states. This a quite remarkable effect which

can not be inferred from the available collinear FM and AF calculations [86]. No-

tice that despite the spiral instability, the FM order remains more stable than the

AF order over a wide range of lattice parameters. Only for very short NN distances

a < 2.4 Å the AF order becomes more stable than the FM order, actually as long

as the local magnetic moments are not strongly reduced (µi = 0 ∀ i if a ≤ 1.9 Å).

Quantitatively, the energy gained upon the formation of the spiral state with the op-

timal q = qmin is relatively small: ∆E(qmin) = 2 meV/atom with qmin ' π/4a for

a = 2.55 Å and ∆E(qmin) = 25 meV/atom with qmin ' π/2a for a = 2.05 Å. For com-

parison, notice that the excitation energy to the AF state, which measures basically the

strength effective exchange coupling between first NNs, is in general much larger (e.g.,

∆E(π/a) = 121 meV/atom for a = 2.55 Å). The stability of the spiral state is therefore

the result of the interplay between competing interactions between local moments at

different distances. The subtlety of the underlying itinerant-electron origin of these

effective magnetic interactions suggests that they should be quite sensitive to external

parameters and interactions. It is therefore important to investigate how the stability

of spiral states are affected by other contributions such as wire-substrate interactions

or magnetic anisotropy.
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Figure 4.2: (a) Frozen-magnon dispersion relation ∆E(q) = E(q) − E(0) of infinite V

chains. The symbols refer to the ab initio results and the curves to the fit obtained by

a classical Heisenberg model with exchange coupling J0δ (3.16). (b) Effective exchange

interactions J0δ between a local moment µ̂0 and its δthe nearest neighbor µ̂δ as a function

of δ. Results are given for representative values of the lattice parameter a as indicated.

Figure 4.2 (b) presents the calculated effective interactions parameters J0δ in the V

monoatomic wires as a function of δth nearest neighbors. At relaxed FM NN distance

(a = 2.6 Å), J01 has a large positive value of 81 meV/atom, which suggests that the

interaction tends to align the local magnetic moments µ in the same direction (FM

coupling). In contrast, J02 shows a relatively small negative value of −20 meV/atom,

indicating that the interaction with the second NNs tends to reverse the moment di-

rection (AF coupling). J03 is also negative, but its value is one order of magnitude

smaller than those of J01 and J02, which indicates that the 3rd NN interaction has a

negligible influence. Finally, we conclude that the FM coupling is the result of the

competing interactions J01 and J02. Moreover, we notice that under certain compres-

sion (a ≤ 2.55 Å), the positive J01 tends to decrease, whereas the negative J02 tends to

increase in absolute value (i.e., compression weakens the FM interaction and strength-

ens the AF interaction). The resulting interplay between J01 and J02 stabilizes the

noncollinear spin-spiral configurations. At even shorter NN distance a = 2.05 Å, the

system is also magnetically frustrated due to the large negative value of J02 coupling

which further stabilizes he spiral configurations. In all cases, we find that J01 and J02
are the dominate interactions, while J0δ for δ ≥ 3 play a negligible role.

In Fig. 4.3, the modulus of the local magnetic moments µ(q) = |〈~m〉WS| within

the WS spheres is given as a function of q. For not too short NN distances one

obtains large µ, which are nearly saturated for the FM state state [µ(0) = 3.2µB
for a = 2.6 Å)] and decrease moderately and monotonously as q increases towards
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4.3 Interplay between magnetic and electronic properties 51

Figure 4.3: The variation of the

magnitude of the local magnetic

moments µ within the Winger-Seitz

(WS) cells as a function of the SDW

vector q. Results are given for rep-

resentative values of the lattice pa-

rameter a as indicated.

the AF state [µ(π/a) ' 2.9µB]. As the NN distance decreases we observe a sharp

drop in the local moments due to the increasing d-orbitals hybridization and band-

width [µ(0) = 1.3µB for a = 2.05 Å]. It is in this non-saturated regime that the

stability of the spiral order becomes most important. Here the q dependence of µi is

weaker and non-monotonous [see Fig. 4.3]. Notice that for the energetically optimal

qmin ' π/2a the local moments are minimal. This suggests that the the stability of the

spiral states is driven by kinetic or hybridization effects rather than by local exchange

contributions, since the latter should favor an enhancement of the local polarizations.

In fact, an analysis of the spin polarization vector ~m(~r) shows that in the present GGA

approximation the spin density is essentially collinear within each WS sphere, even for

q = π/2a [41].

Local electronic structure

To gain further insight on the properties of spiral states, it is interesting to investigate

how the electronic structure depends on the noncollinearity of the magnetic arrange-

ment, to this aim we have calculated spin-polarized local d-electron DOS ρdiσ(ε) of V

chains at NN distance a = 2.55 Å. The results are given for representative wave num-

bers q in Fig. 4.4. The DOS of the collinear FM and AF states are also shown for

the sake of comparison. In order to obtained ρdiσ(ε) we first calculate the 3d-electron

DOS ρd(~r, σ, ε), which is projected on the position ~r and on the spin components up

and down (σ =↑, ↓) taking the direction of the local magnetic moment ~µi at atom i

as the spin-quantization axis. The up and down spin components should actually be

understood as majority- and minority-spin projections at any atom i. Subsequently,

the DOS ρd(~r, σ, ε) is integrated within the WS sphere of atom i in order to obtain
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local magnetic moment ~µi. The Fermi energy εF is indicated by the vertical dotted lines.
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the spin-polarized local DOS ρdiσ(ε). Since the magnetic order of the assumed spiral

SDWs is roto-translational invariant for all q, the thus obtained local DOS are strictly

the same at all atoms. A translation of the orbital coordinates by a along the wire,

followed by a rotation of the spin coordinates by an angle θ = qa around the axis of

the wire, leaves the electronic states unchanged. Therefore, the result for ρdiσ(ε) can be

compared for different q and lattice structures. The qualitative similarities between the

q = 0 (FM) and q-dependent DOS are quite remarkable, particularly for the occupied

states. It seems that in first approximation these DOSs can be related by a simple

band-width scaling. As we move to larger values of q the changes in DOS become

more significant [see Fig. 4.4 (c)-(e)]. Notice in particular the depletion of KS states

in the q = π/a (AF) DOS just above the Fermi energy, ε − εF = 0.3–1.3 eV, and for

ε − εF = 1.8–2.0 eV, forerunners of which can be recognized already in the 90◦-spiral

DOS. Concerning the width W = εF −εb of the occupied band we observe a monotonic

decreases with decreasing spiral wave length: W = 3.61 eV, 3.48 eV, 2.94 eV, 2.56 eV,

and 2.47 eV for q = 0, π/4a, π/2a, 3π/2a, and π/a, respectively. This explains qual-

itatively the monotonic increase of the magnon energy ∆E(q) with increasing q [see

Fig. 4.2]. Finally, a common feature of the DOS for all q is the high degeneracy at

the Fermi level. This is likely to be the source of structural instabilities and symmetry

breaking, for example, as a result of spin-orbit interactions or hybridizations with a

metallic substrate.

Magnetization density

Another interesting aspect which has been less explored that enables to further un-

derstand the spin-spiral waves stability is the local magnetisation distribution. The

magnetisation density ~m(~r) insider the PAW spheres of each atom where the local mo-

ment µ deviates from the parallel (collinear) alignment to NC magnetic configuration

is obtained. In Fig. 4.5 (a), we display the graphical representation of ~m(~r) combined

with charge density (background contour plot) in the vicinity of the spin-spiral ar-

rangement having q = π/2a in V wires. Here, blue spheres represent the position of V

chain atoms and small blacks arrows indicate the direction of the local magnetization

around each atom. For collinear FM order, ~m(~r) is pointing in the same direction

everywhere in space, whereas for NC configuration, the direction of ~m(~r) is allowed to

vary freely in space. In fact, most applications of NC SDFT to date are based on this

idea [22, 24, 96]. We find that the local magnetization vectors remain almost parallel

within the WS spheres around each atom in which the magnitude of ~m(~r) is relatively

high and supporting the usual picture of assigning a net direction for the magnetiza-

tion or magnetic domain to each atom. The noncollinearity of ~m(~r) of a spin-spiral

is observed in the interatomic regions between two domains where the magnitude of
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Figure 4.5: The magnetization density ~m profile of spin spiral structure with wave vector

q = π/2a in V linear chain.

~m(~r) is very weak. Similarly, in Fig. 4.5 (b), the magnetization density components

mx is shown. The results demonstrate that the magnetization mx are highly localized

around those atoms which are along the x-direction, whereas equally divided into mx-

and mz-component when the local moment directed in the z-direction.

4.3.2 Mn monoatomic chains

In order to explore the formation of spiral SDWs in Mn chains, we have calculated the

frozen-magnon dispersion relation ∆E(q) = E(q)−E(0) for some representative values

of a as shown in Fig. 4.9 (a). As a first step, we compute the optimal bond length

of freestanding Mn nanowires by minimizing the energy as a function of NN distance

a for fixed values of q. The calculated stress free lattice parameters for FM and AF

order are a = 2.6 Å and a = 2.4 Å, respectively. These values are in good agreement

with the earlier studies [40, 86, 97]. Moverover, it is analyzed that the FM governs

for a ≥ 2.6 Å while the AF arrangements are stabilized at shorter NN distances.

The frozen-magnon dispersion relation ∆E(q) corresponding to the FM equilibrium

lattice parameter a = 2.6 Å is displayed in Fig. 4.9 (a). One observes that the spin-

spiral structure is most sable having qmin ' 0.65π/a and the ground-state energy is
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Figure 4.6: (a) Frozen-magnon dispersion relation ∆E(q) = E(q) − E(0) of infinite Mn

chains. The symbols refer to the ab initio results and the curves to the fit obtained by

a classical Heisenberg model with exchange coupling J0δ (3.16). (b) Effective exchange

interactions J0δ between a local moment µ̂0 and its δ the nearest neighbor µ̂δ as a function

of δ. Results are given for representative values of the lattice parameter a as indicated.

72 and 68 meV/atom lower than the corresponding FM and AF orders, respectively.

Similarly, for a = 2.4 Å, the lowest energy minimum is found close to qmin ' 0.6π/a.

In this case the corresponding energy is 176 meV/atom lower than the FM one. The

magnon-dispersion relations over a wide range of a (2.4 ≤ a ≤ 2.7 Å) are shown in

Fig. 4.9 (a). One concludes that the stability of NC spin spiral orders increases by

decreasing interatomic distance a. However, the energy difference |∆E(q)| between the

FM and AF orders decreases with increasing a whereas the NC magnetic arrangements

remain always more stable within the considered values of a.

The ab intio results can be interpreted in terms of exchange interactions Jij. The

obtained exchange interactions J0δ as a function of δth NNs by fitting ∆E(q) are given

in Fig. 4.9 (b). Positive (negative) values of J01 stand for ferromagnetic (antiferromag-

netic) coupling. We find that first three NNs interactions terms play a leading role in

order to figure out the magnetic ground states. The interaction J0δ beyond the third

NNs is less important and can be neglected. Interestingly, the J01 depends strongly on

the lattice parameter a. Its strength decreases by increasing the NN distance a between

the consecutive Mn atoms. The value of J02 is much less affected by changing the value

of a, whilst J03 remains merely constant in the considered range 2.4 ≤ a ≤ 2.7 Å. This

trend can be qualitatively understood in terms of a reduction in the orbital overlapping

when the distance between the Mn atoms is increased. Noncollinear magnetism in Mn

monolayers and nanowires have been intensively discussed in the previous theoretical

and experiment studies [40, 42, 43]. The aim of this work has been to provide a more
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detailed analysis and, and to allow a direct comparison of the stability of spiral SDWs

in 3d TM nanowires by increasing the 3d-band filling.

Local electronic structure

The purpose of this section is to investigate the electronic structure of Mn wires as a

function of wave vector q. Fig. 4.7 shows the calculated the spin-polarized d-electron

local DOS ρdσ(ε) for few representative values of q at a NN distance a = 2.5 Å. In

our analysis, we only present the spin-resolved local d-DOS of Mn atom because in

NC magnetic configurations the electronic states are generally spin-hybridized. In the

case of collinear spin i.e., when the relative angle between the spins is θ = 0 (FM)

or θ = π/a (AF), there is no mixing between the up and down spins states. In the

case of θ = 0 (FM) [see Fig. 4.7 (a)], one observes substantial wide peaks in the

majority-spin DOS at about ∼ 2.63 eV below the Fermi energy εF as well as peaks in

the minority-spin DOS at above ∼ 1.2 eV above εF . This is corresponding to strong

ferromagnetic, in contrast to Mn bulk which is weak. The calculated exchange splitting

between these states and the local magnetic moments are ∼ 3.8 eV and µ ' 3.94µB,

respectively. For NC spin arrangements when θ lies in between the limit 0 < θ < π/a,

two kinds of major changes can be expected in the electronic structures of a magnetic

system. First, the noncollinearity destroys the spin projection as a good quantum

number and tends to mix the opposite spin states. The mixing between the majority-

and minority-spin bands increases and reaches its maximum when θ = 0 (FM) while

reduces and approaches to zero as θ goes to π/a. In result, mixing of these states in

NC arrangements changes significantly the electronic structure (subbands). In order

words, this mixing leads to the hybrizizational repulsion of the bands which results

to move the majority bands to the lower energy states and the minority bands to the

higher energy states. The direct consequence of this interplay may decrease (lower)

the energy of the system. Secondly, some features of the double-exchange mechanism

and band narrowing can be presented as well. In spiral SDW configuration, indeed we

observer a substantial reduction in the bandwidth W together with a shift in position

of the majority and minority bands as q increases: W = 3.5, 3.2, 2.5, 2.0 and 1.8 eV for

q = 0, π/4a, π/2a, 3π/4a and π/a due to shifting of the majority- and minority-spin

bands in opposite direction, respectively. Our calculated results demonstrate that the

most pronounced changes of the calculated magnetic spin local DOS occur mainly in

the energy range of ∼ −4 eV and −1 eV below the Fermi energy εF between the spin-

up and spin-down states by introducing the NC spin configurations. The sum of the

one-electron energies is lower for the spiral SDW than the the FM and AF orders [40].

To further illustrate our discussion of 3d-DOS with the local electronic structure, we

obtain the integrated DOS as a function of energy at the same NN distance a = 2.5 Å
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for various wave vectors q [Fig. 4.8]. This can provide us a direct comparison of the

electron distribution. The change in number of electrons is evaluated by integrating

the local density of states by projecting the wavefunctions onto the spherical harmonics

within the WS sphere around each atom. In other words, the integral area of d-DOS

can be used to calculate the change in number of electrons for different values of q. As

q increases, an enhancement in the number of electrons around 2.5 eV below the Fermi

energy is determined. Since the total number of electrons are constant, such localization

in the electronic distribution explains the bands narrowing and the onset of one single

peak in the DOS when q increases. Thus, the DOS wave-vector dependence can be

explained by an electron redistribution or re-arrangement of electrons in the majority-

and minority-spin states.

4.3.3 Fe monoatomic chains

Similarly to our previous investigations, we calculate the frozen-magnon dispersion

relation ∆E(q) = E(q)−E(0) of Fe chains which provides a complete picture of stability

the ground-state configuration with respective to spin-wave excitation spectrum. Our

results reveal that a spiral SDW having q ' π/5a is the most stable magnetic order

at the equilibrium NN distance a = 2.25 Å. The energy of the optimal spin-spiral

arrangement is around 10 meV/atom lower then the FM order. In order to explore

the effect of bond length changes on the stability of NC configurations, we present

the magnon dispersion relation ∆E(q) over a wide range of NN distances (2.0 ≤ a ≤
2.5 Å)[see Fig. 4.9 (a)]. Here, the symbols refer to the ab initio DFT results, whereas

the curves are obtained by mapping the dispersion ∆E(q) to the classical Heisenberg
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Figure 4.9: (a) Frozen-magnon dispersion relation ∆E(q) = E(q) − E(0) of infinite Fe

chains. The symbols refer to the ab initio results and the curves to the fit obtained by

a classical Heisenberg model with exchange coupling J0δ [see Eq.]. (b) Effective exchange

interactions J0δ between a local moment µ̂0 and its δthe nearest neighbor µ̂δ as a function

of δ. Results are given for representative values of the lattice parameter a as indicated.

energy relation (3.16). A very good fit is obtained by considering sixth NN interactions

into account. One concludes that the spiral SDWs are stabilize for a ≤ 2.25 Å, whilst

the FM state is more favorable for larger NN distances.

The exchange couplings Jij provide us local interpretation of the stability of the

NC magnetic order, which can be derived from the an initio results by means of rela-

tion (3.16). First, at equilibrium bond length a = 2.25 Å, we find that J01 is positive

which favor FM alignment whilst J02 is negative and small in magnitude which tends

to favor antiparallel alignment. The exchange interactions are thus magnetically frus-

trated. The competition between the nearest-neighbor J01 > 0 and J02 < 0 interac-

tions leads to the stabilization of the NC spin arrangement. For large values of a (i.e.,

a = 2.5 Å, J01 dominates over all other terms and is preferred FM order. However,

for short NN distance (i.e., a = 2.1 Å) the magnitude of J01 and J02 are comparable.

This situation is more complex in order to figure out the stable magnetic ground-state

of frustrated system when the NN and next NN are comparable. In fact, one needs to

taken into account also the J03 coupling for the determination of the ground state. In

order to gain further insight into the nature of these magnetic structures, we display

in Fig. 4.10 (b) the average local magnetic moment µ(q) = |〈~m〉WS| inside the WS

spheres as a function of the q for different NN distances a .One observes that for all

the relevant a, the magnitude of the local magnetic moments decreases monotonically

as we go from the FM (q = 0) to AF (q = π/a) alignment. µ(q) is equal to 3.1µB
and 2.74µB for q = 0 and q = π/a at NN a = 2.25 Å, respectively. The decrease of
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µ(q) is more pronounced for the shorter bond length due to the stronger hybridizations

between the d-orbitals.

Local densities of states

In order to insight the microscopic origin of the relative stability of NC spiral magnetic

orders, we have calculated the spin-polarized d-electron local DOS ρdσ(ε) of Fe chains at

a NN distance a = 2.25 Å. The results are shown for some representative wave numbers

q. In the case of FM (q = 0) order, owing to the large number of electrons in the d-

bands, one can see that the majority and minority states are slightly overlapped around

∼ −1 eV below the Fermi energy [see Fig. 4.11 (a)] . As the q increases, the majority

and minority states tends to separate due to hybridization repulsion. Moreover, the

width of the dominated bands decreases appreciably as we go from FM (q = 0) to AF

(q = π/2) order. Concerning to the width W = εF − εb of the occupied band, we

observe a monotonic decreases with decreasing spiral wave length: W = 3.61, 3.48,

2.94, 2.56, and 2.47 eV for q = 0, π/4a, π/2a, 3π/2a, and π/a, respectively.

A more detailed analysis of electronic states is possible by decomposing the d-

resolved DOS in the different d-orbitals. Due to the symmetry of the chains (placed

along z-direction) and in the absence of SO coupling the d-orbitals can be grouped in

three sets of bands. The band ddσ formed by the dz2 orbitals, the doubly degenerated

ddπ and ddδ bands are formed by the (dxz, dyz) and the (dx2−y2 , dxy) orbitals, respec-

tively. For q = 0 [see Fig. 4.11 (a
′
)], one observes the characteristic of FM exchange

splitting between up and down DOS. Each state has an important band widths. The

ddδ bands have narrowest width (around ∼ 0.6 eV) because the corresponding orbitals
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Figure 4.11: Local d-electron density of states (DOS)ρdiσ(ε) of free-standing Fe chains

having NN distance a = 2.25 Å, for representative SDW vectors q. Results are given for the

majority-spin (full lines) and minority-spin (dashed) components along the direction of the

local magnetic moment ~µi. The Fermi energy εF is indicated by the vertical dotted lines.
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are perpendicular to the chain, whereas the ddσ bandwidth is large since the orbitals

point along the chain direction. In the SDW configurations (q > 0) the change in band

widths as well as shifting of the majority and minority states in opposite direction

around ∼ −1 eV below Fermi level εF have been observed. It is interesting to notice

that the distance between these states increases because the majority-spin states are

shifted to lower energies and the minority-spin states are moved towards the higher

energies. Furthermore, the band-width of the ddπ bands monotonically decreased with

increasing q [see Fig. 4.11(a
′
–c

′
)]. Therefore, the interband repulsion between opposite

spin-projections states due to spiral wave vector q could be lower the total energy of

the magnetic system and thus stabilized the NC spin configuration in Fe chains.

Figs. 4.12 (a–c) display the magnetization density ~m(~r) around each chain atom

for the spin-spiral arrangements in which the local moments µi = µ [cos(qa), 0, sin(qa)]

are rotated in the (x-z)-plane with ~q = (0, 0, π/4a). The angle between magnetic

moments on neighboring atoms is 45o. We present the mx- and mz-components of

magnetization because the local moment µi rotates or propagates only in the xy-plane

[see Fig. 4.12 (b)], whereas the my = 0. In other words there is no distribution of

magnetization in the xy- or yz-planes. One analyzes that the magnetization are fairly

well localized around each atom in the chains. For instance, mx-component of the

magnetization density of 1-atom only lies (localizes) in x-direction [see Fig. 4.12 (a)],

whereas the mz = 0. The magnetization components are equally divided for 2-atom

and vice versa.
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Figure 4.12: The first ans third panels display the x- and z-components of magnetization

density (mx and mz), respectively. In the middle panel the arrows represent orientation of

magnetic moments µi of spiral SDW with wave vector ~q = (0, 0, π/4a) at the equilibrium NN

distance (a = 2.25 Å). [Dotted line shows the size of supercell with 8-atoms periodicity of

spin-spiral structures in z-direction with lateral dimensions along x- and y-direction about

14 Å].
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4.4 Magnetic phase diagrams

Figures 4.14 and 4.13 display the magnetic phase diagrams of the classical Heisenberg

model by taking the first-two and the first-three NN interactions J0δ into account as

discussed in the Sec: 3.2.2. The phase diagrams provide us with a complete picture

concerning to the stability of complex magnetic solutions. The corresponding results

for J0δ in V, Mn and Fe monoatomic wires are also shown for few representative values

of NN distances a. Each point in the phase diagrams corresponds to one dispersion

relation for a given value of a. The calculated values of J01 and J02 at the equilibrium

NN distances for V, Mn and Fe nanowires (underlined value of a) lie in the SDW part

of the phase diagram. For large value of a, one obverses a transition from SDW to FM

order in V and Fe chains. On the contrary, the NC magnetic configurations become

more favorable under certain compression.

Figure 4.13: Magnetic phase diagram of the classical one-dimensional Heisenberg model

with first and second NN interactions J01 and J02. The regions of stable antiferromagnetic

(AF), ferromagnetic (FM) and spiral spin-density wave (SDW) orders are shown. The

symbols corresponding to the effective exchange couplings J0δ, which are derived from the

ab initio calculations for V, Mn and Fe monoatomic chains. Different NN distance a are

indicated in Å by the numbers. The equilibrium value of a is underlined
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Figure 4.14: Magnetic phase diagram of the classical Heisenberg model having first, second,

and third NN interactions J01, J02 and J03. The left figure corresponding to J01 > 0 (FM

NN coupling) while the right figure corresponding to J01 < 0 (AF NN coupling) The symbols

correspond to t the effective exchange parameter J0δ, which are derived from the ab initio

magnon dispersion relations of V, Mn and Fe chains. The corresponding lattice parameters

a is given in Å. The equilibrium value is underlined.

It is interesting to notice that the SDW states remain the most stable arrangements

in Mn chain over a wide range of interatomic distances (2.4 ≤ a ≤ 2.7 Å). The phase

diagram of the classical Heisenberg model based on the first and second NN interactions

summarizes the competition between these couplings and the resulting ground-state

magnetic orders.

A more detailed description of the classical Heisenberg model is obtained by includ-

ing the 3rd NN interaction. In this case the different magnetic behavior can also be

summarized in a 2D plot. However, one needs to consider the case J01 > 0 and J01 < 0

separately. The corresponding phase diagram is shown in Fig. 4.14. It consists two

parts: J01 > 0 (FM NN coupling) and J01 < 0 (AF NN coupling). It is particular inter-

esting to include the J03 interaction coupling in the phase diagram, when J01 decreases

and becomes small as compared to J02 as a a function of the interatomic distance a. For

exapmle, J01 becomes very small approaching to zero at a = 2.05 and a = 2.7 Å in the

case of V and Mn nanowires, respectively. Therefore, one needs to include higher-order

interactions terms beyond J02. For Mn chains, the obtained values of J01, J02 and J03
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are −2.1, −23.5 and 11.3) meV at a = 2.7 Å, respectively. Thus, J03 has a sizable

value and plays an important part for the stability of magnetic state. The ab initio

calculations yield in most case J01 < 0 expect in the case of Mn wires, where the first

NN interaction favor AF order. In V wires, we have J01 > 0 for a > 2.4 Å and J01 < 0

for a < 2.4 Å. The stability of spiral SDW structures is not changed by including J03
for all considered V, Mn and Fe nanowires. The classical Heisenberg model provides

a better understanding of ground-state structures and of the changes in the magnetic

stability with different values of the interatomic distances.

4.5 Conclusions

The magnetic order in one-dimensional 3d transition-metal (V, Mn and Fe) nanowires

has been investigated in the framework of a generalized-gradient approximation to

density-functional theory. The stability of spiral SDWs structures has been analyzed

in terms of the frozen-magnon dispersion relation. Our results indicate that V, Mn

and Fe nanowires the NC spiral arrangements are stable than the collinear FM and AF

orders at the equilibrium lattice parameter. In addition one observes that the stability

of spin-spiral structures is further enhanced under compression. A local anaylsis of the

effective exchange interaction J0δ between the local moments shows that the stability of

the NC SDWs is mainly the result of competing first and second NN interactions. The

electronic structures of collinear and noncollinear magnetic states have been analyzed in

some detail by comparing the local density of states for various representative values

of the SDW vector q. The depletion of the DOS around the Fermi energy and the

additional hybridization between orbitals having opposite spins suggested the main

cause for the stability of NC magnetic configurations.

The effective exchange interaction parameters J0δ, which are derived from the ab

initio results by using the classical Heisenberg model, provide a local interpretation

of the magnetic order and its stability. A broader prospective to the problem of the

stability of collinear and NC magnetic orders in 1D systems is provided by the magnetic

phase diagrams of the classical Heinsberg model in the framework of the calculated ab

initio magnon dispersion relations become simple specific examples.

An important extension extensions of this work is the study of wires deposited in

experimentally relevant insulating and metallic surfaces. Comparison with the results

reported in chapter should allow to assess the effects of wire-substrate hybridizations

on the wire geometry and electronic structure. Calculations of local electronic and

magnetic properties such as spin-density profiles relevant for spin-polarized STM ex-

periments would provide additional possibilities of contrasting theory and experiment.
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In addition, materials which are non-magnetic as 3D bulk solids (e.g., Rh, Pd or Pt)

are likely to be magnetic in a low coordinated 1D geometry. These heavier elements

offer new possibilities of showing remarkable magnetic behaviors due to the importance

of spin-orbit interactions. Furthermore, the effective exchange interaction parameters

derived from the present constrained DFT combined with electronic calculations of the

MAE could be used to explore the static and dynamic properties of domain walls in

TM nanowires, a subject of crucial importance for future technological applications.

In the present work, spin-orbit (SO) interactions are not taken into account, since

their influence on the q-dependence of the total energy E is not expected to be impor-

tant for 3d elements [40–43]. As we see in Fig. 4.10 (a), the typical energy differences

between FM and AF orders in Fe chain at the equilibrium distance a = 2.25 Å is of

the order of ∆ESR = E(π/a) − E(0) = 321.6 meV/atom, while including SO interac-

tions and applying the force theorem we obtain ∆ESO = 322.7 meV/atom. The SO

contribution to the total energy E is actually small, of the order of 1 meV/atom [e.g.,

E(0)SR−E(0)SO = 1.1 meV/atom] but the resulting q-dependence remains very weak,

at least in this case. Similar results are obtained for spirals with intermediate values

of q. Moreover, the wires to be consider in the following have all inversion symme-

try. This implies that the Dzyaloshinskii-Moriya interaction, [37] which could stabilize

noncollinear order as shown for some ultrathin films, [39, 98] strictly vanishes in our

case.
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Chapter 5
Noncollinear magnetic orders and spin-wave

spectra of Fe chains

The following chapter is dedicated to investigate the ground-state magnetic properties

of free-standing Fe wires having zig-zag and rectangular geometries in the framework

of density-functional theory. The stability of various wires geometries and types of

magnetic orders is analyzed as a function of the spin-density-wave (SDW) number q.

In particular we consider all possible magnetic configurations such as ferromagnetic

(FM), antiferromagnetic (AF) and noncollinear (NC). The frozen-magnon dispersion

relations ∆E(q), local magnetic moments µi, spin-polarized electronic densities of states

ρdiσ(ε) and effective exchange couplings Jij are calculated at equilibrium interatomic

bond lengths d. The electronic structures of collinear and NC states are analyzed by

comparing the density of states ρdiσ(ε) for different representative values of q. Effective

exchange-interaction parameters Jij between the local moments µi and µj are derived

by fitting the ab initio magnon dispersion relation ∆E(q) to a classical Heisenberg

model. Comparing the ab initio results within a model phase diagram provides new

insights on the magnetic order of Fe wires from a local perspective.

5.1 Introduction

The understanding of the fundamental properties of Fe bulk and its nanostructures

have not been completely understood upto now. Numerous experimental and theoreti-

cal investigations have been carried out in order to understand the magnetic properties

of Fe and its alloys. For example, γ phase of Fe is one of the most complicated example

with highly frustrated structures [22–24,96]. The complex interplay between the struc-
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tural and the magnetic degrees of freedom leads to many interesting properties such

as noncollinear configurations and spiral SDWs. Furthermore, the magnetic ground-

states of γ-Fe crucially depends on the values of lattice parameters. This sensitivity

to volume dependence has been discussed in detail by many groups in the context of a

so-called moment-volume instability [26,99].

Similarly, in low-dimensional Fe nanostructures e.g., 1D monoatomic chains the

magnetic properties are particularly interesting. Much effort has been spent in order to

understand the effect of the reduced dimensionality on the magnetic ground-state prop-

erties [41–43, 100]. Magnetic monoatomic chains especially in TM systems are a sub-

ject of a very intensive theoretical and experimental research activity that is driven by

equally important fundamental and technological interests [1,2,13,91,101]. Experimen-

tally, the controlled formation of 1D or quasi-1D magnetic materials sets the first chal-

lenge. Significant progress has been made in the variety of preparation techniques, for

example, techniques have been developed to this aim, for example, diffusion controlled

aggregation along the on anisotropic surfaces [2], self-assembly [1], spin-polarized STM

manipulation [102], or controlled mechanical breaking of junctions [95]. Alongside

these experimental developments, a significant number of theoretical studies have been

performed on the magnetic properties of 1D systems [4,36,40,41,43,44,86,97,100,103].

For instance, Tung et al. explored the electronic structures and magnetic properties of

one-dimensional 3d TM chains [42]. They found that the ground-state magnetic order

of Fe chains is noncollinear as a result of competing interactions.

The remainder of the chapter is organized as follows. In section 5.2 the simulation

model of SDWs in zigzag chains and ladders are presented along wtih the details of the

theoretical background and computational procedure. The results of our calculation

for the stability of NC magnetism in various geometries of Fe chains are reported in

sections 5.2.1 and 5.2.2. Here, we focus on the structural, electronic and magnetic

properties of considered Fe wires. The magnon dispersion relations are discussed for

representative interatomic distances including the equilibrium configuration. In sec-

tion 5.2.4, the effective exchange interactions between local magnetic moments are

derived, which allow a detailed interpretation of the spin-spiral instabilities from a lo-

cal perspective. we also analyze the stability of SDWs in terms of a simple classical

Heisenberg model, which takes into account the effective exchange interactions Jij be-

tween various NNs. Finally, we conclude in section 5.3 with a summary of our main

results and an outlook on challenging future developments.
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5.2 Models of SDWs in chains and ladders

In order to investigate the formation of SDWs in 1D zigzag chains and ladders, we

consider a supercell approach and determine the magnetic properties of free-standing

Fe wires having different geometrical structures as a function of the wave number q.

The spiral spin arrangements are modeled by fixing the direction of the local magnetic

moment ~µi at each atom i in the wire. In monoatomic linear chains [Fig. 6.1(a)] the

SDW consists of N atoms in the supercell (typically N ≤ 12) separated by the lattice

parameter a, which in this case coincides with the NN distance d. For more complex

structures, such ZZ chains or RLs, a and d are different, as illustrated in Fig. 6.1. The

dimensions of the supercell in the directions perpendicular to the wire must be chosen

large enough to ensure that there is no significant interaction between the periodic

replicas. In practice, 16 Å is found to fulfill this condition. In order to calculate the

frozen-magnon dispersion relation we determine the total energy E(~q) by considering

SDW vectors ~q along the chain direction. The corresponding wave numbers q = |~q|
are compatible with the supercell periodicity: q = 2πn/(Na) with 0 ≤ n < N and n

integer. Thus, the collinear FM and AF states (q = 0 and for N even q = π/a) are

included as particular cases when q is varied [see Fig. 6.1]. Four different types of wires

are considered: linear chains (LCs), ZZ chains with periodic noncollinear (PNC) order,

ZZ chains with alternating collinear and noncollinear alignment of neighboring local

moments, and RLs. Fig. 6.1 illustrates these wire geometries taking spiral SDWs with

wave vector ~q = (0, 0, π/4a) as representative examples.

The first principles calculations reported in the present work have been performed

in the framework of Hohenberg-Kohn-Sham’s DFT [55], as implemented in the Vienna

ab-initio simulation package (VASP) [78]. The XC energy-functional is treated by

using Perdew and Wang’s spin-polarized GGA [71] . The spin-polarized KS equations

are solved in an augmented plane-wave basis set, taking into account the interaction

between valence electrons and ionic cores by means of the PAW method [71]. This

is an efficient frozen-core all-electron approach, which takes into account the proper

nodes of the valence KS orbitals in the core region and the resulting effects on the

electronic structure and magnetic properties. For the present calculations the 4s, 4p

and 3d orbitals are treated as valence electrons. The KS wave functions are expanded

in the interstitial region in a plane wave basis set with a cut-off energy Emax = 500 eV.

The integrations in the Brillouin zone are performed by using the Monkhorst-Pack

scheme [79] with a k mesh of 1 × 1 × 40 points. Test calculations with higher cut-off

energies and additional k points have shown that these values are a good compromise

between accuracy and computational effort. The accuracy of our calculations, for

example in the total energy, is estimated to be 1 meV/atom or better. For metallic-

like systems, one often finds very rapid variations of the states close to the Fermi
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Figure 5.1: Illustration of the wire structures and magnetic orders corresponding to a

spin-wave vector ~q = (0, 0, π/4a): (a) linear chain (LC), (b) zig-zag chain with periodic

noncollinear (PNC) order, (c) zig-zag chain with alternating noncollinear (ANC) order,

and (d) rectangular-ladder (RL) with parallel moments in the direction perpendicular to

the chain. In (a) and (b) the simplest PNC spin-density wave having µ̂i · µ̂i+1 = cos(qa) is

shown, while (c) and (d) correspond to the so called ANC order having µ̂i · µ̂i+1 = cos(qa)

for i even and µ̂i · µ̂i+1 = 1 for i odd. The lattice parameter a, nearest-neighbor distance

d, and bond angle θ are indicated.

level εF that may cause a poor convergence of the relevant physical quantities such

as the total energy or the local magnetic moments. Therefore, a smearing of the KS

levels is introduced in order to improve the numerical stability. Here we use a Gaussian

smearing with a width σ = 0.01 eV, a value that ensures that the smearing contribution

to the total energy is less than 10−4 eV/atom. The local magnetic moment ~µi at atom

i is calculated by integrating the magnetization density ~m(~r) inside the corresponding

atomic WS sphere. In the case of Fe the radius of WS sphere is RWS = 1.302 Å.

5.2.1 Structural properties

In order to investigate the interplay between the magnetic behavior and geometrical

structure of Fe wires, we determine the binding energy EB = E −Eat by referring the
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total electronic energy E of the wires to the sum Eat of the energies of the constituting

isolated atoms. The different geometries and magnetic orders are illustrated in Fig. 6.1.

This includes LCs, ZZ chains and RLs having collinear FM and AF orders, as well as

PNC and ANC spin arrangements. In each case a bond-length relaxation is performed

in order to determine the equilibrium interatomic distance within the 1D constraint.

For the sake of comparison, the equilibrium NN distance d of a monoatomic linear chain

has been calculated by assuming a FM state. In agreement with previous studies [86,

100], we obtain d = 2.25 Å. The corresponding local magnetic moment µ = 3.1µB
calculated within the Fe WS spheres is largely enhanced with respect to the bulk value

µb ' 2.18µB. This is a consequence of the extremely low local coordination number

of the linear geometry and the resulting important d-band narrowing. The ZZ chains

are obtained from the relaxation of the linear chain at short lattice parameters, when

the atoms are allowed to move in a direction perpendicular to the chain, keeping them

within a given transversal plane, in our case the xz-plane [see Fig. 6.1 (b)]. According

to our calculations, the optimal ferromagnetic ZZ structure of Fe wires has a NN

bond length d = 2.23 Å, a lattice parameter or second NN distance a = 2.52 Å,

and a bond angle is θ = 69◦. These results are similar to those reported in previous

works [86, 97, 100]. The local magnetic moments of the ZZ geometry are about 6%

smaller than in the LC, which is consistent with the increasing local coordination

number. For RLs the relaxed lattice parameters obtained assuming a FM state are

d = 2.15 Å and a = 2.4 Å. The corresponding local magnetic moment is µ = 2.9µB. It

should be, however, noted that the FM order is not stable in Fe RLs close to equilibrium.

In Fig. 5.2 EB is shown as a function of the lattice parameter a, for various wire

geometries and magnetic orders with representative values of the wave number q. The

results provide a first insight on the interplay between structural stability and magnetic

order. In the case of ZZ chains we observe that the FM order is always the most stable

configuration. Only for very short lattice parameters a < 2.15 Å we find that some NC

arrangements start to be slightly more stable [see Fig. 5.2 (a)]. Moreover, the ANC

order, in which one every two pairs of NN spins are parallel, is always found to be

more stable than the standard PNC state, in which the angle between all NN spins is

finite. This shows that the FM coupling is favored both at short and long length scales.

Notice that the relaxed lattice parameters corresponding to the NC states (q 6= 0) are

similar, though slightly smaller than in the FM state.

In contrast to the ZZ geometry, ferromagnetism is unstable in Fe RLs, since EB
decreases for non-vanishing values of q. This holds not only for a close to the relaxed

lattice parameter of the FM state, but even more strongly for shorter bond lengths [see

Fig. 5.2 (b)]. As a result, much shorter equilibrium lattice parameters and stronger

binding are obtained in the NC state. For instance, the relaxed lattice parameter

for q = π/2a is a = 2.3 Å, which is close to the optimal structural and magnetic
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Figure 5.2: (a) Binding energy of zig-zag (ZZ) Fe chains as a function of the lattice param-

eter a [see Fig. 6.1 (b)]. Different SDW vectors q are considered as indicated in the inset.

Filled symbols correspond to the periodic noncollinear order (PNC) order [Fig. 6.1 (b)],

while open symbols correspond to the alternating noncollinear (ANC) order [Fig. 6.1 (c)].

(b) Binding energy of Fe rectangular-ladders (RLs) as a function of the lattice parameter

a [see Fig. 6.1 (d)].

arrangement. This is approximately 56 meV/atom more stable than the lowest FM

configuration. The same behavior holds for other SDW lengths. For example, the

binding-energy gain for q = π/3a is about 47 meV/atom. Only for long stretched RLs

having a > 2.5 Å the trend is reversed and the FM order becomes the most stable

configuration [see Fig. 5.2 (b)]. A more detailed discussion of the magnetic properties

and underlying electronic structure of Fe wires is found in the following.

5.2.2 Spin-density wave spectra

The total electronic energy E(q) as a function of the wave number q allows one to

identify the ground-state magnetic order as a function of wire geometry and lattice pa-

rameter, within the consider spin-spiral configurations. The resulting frozen-magnon

dispersion relation ∆E(q) = E(q) − E(0) provides detailed information on the stabil-

ity of the ground-state magnetic configuration with respect to spin-wave excitations.

Moreover, quantifying the changes in the local magnetic moments µ(q) for different
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Figure 5.3: Frozen-magnon dispersion relation ∆E(q) = E(q) − E(0) (upper panels) and

local magnetic moments µ within the Winger-Seitz (WS) cells (lower panels) of Fe wires

as a function of the SDW vector q: (a) zig-zag (ZZ) chain with periodic noncollinear

order (PNC), (b) ZZ chain with alternating noncollinear magnetic (ANC) order, and (c)

rectangular-ladders (RLs) with parallel moments in the direction perpendicular to the wire

[see Fig. 6.1]. Results are given for representative values of the lattice parameter a as

indicated.

q, i.e., for different magnetic orders, gives a measure of the robustness the local mag-

netic degrees of freedom, a requisite for the analysis and interpretation of the magnetic

interactions from a local perspective.

In Fig. 6.6 results are given for ∆E(q) and µ(q) of Fe stripes having ZZ and RL

geometries at representative lattice parameters a. In ZZ wires, not only the FM or-

der yields the lowest-energy configuration but, in addition, the spectrum of spin-wave

excitations is particularly stiff. ∆E(q) increases monotonously with q, except close to

the zone boundary of PNC waves (qa/π ≥ 0.8) where it goes over a maximum and

slightly decreases [see Fig. 6.6 (a)]. The ANC waves involve significantly lower excita-

tion energies than the PNC ones, typically ∆E(q)|ANC ' ∆E(q)|PNC/2. This indicates

that ferromagnetic order is also very stable at short distances, since one every two FM

couplings between NNs is preserved in the ANC case [see Fig. 6.1]. These trends hold

for all considered lattice parameters a, including the equilibrium value a = 2.52 Å,

except for strongly compressed ZZ wires (a ≤ 2.2 Å).
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The contrast between triangular and rectangular stripes is most remarkable. As

shown in Fig. 6.6 (c), the magnon dispersion relation of Fe RLs having the equilib-

rium distance a = 2.4 Å shows a local minimum at qmin ' 0.4π/a, which energy lies

18 meV/atom below the FM state and 62 meV/atom below the AF state. Moreover,

these spin-spiral states are further stabilized in compressed RLs. For example, for

a = 2.3 Å, the SDWs having a periodicity of about four lattice parameters (q ' π/2a)

are 57 meV/atom, respectively 73 meV/atom, more stable than the collinear FM and

AF arrangements. Only for large large interatomic distances along the wire (a ≥ 2.5 Å)

we find a FM ground state. This behavior is qualitatively similar to the one observed

in 3d TM monoatomic linear chains [41, 86]. From this perspective our results con-

firm that spiral-SDW ground states are neither a specificity of 1D systems [27] nor

a simple consequence of reduced coordination number. The geometry of the wire in

the transversal direction plays a central non-trivial role. In the following sections we

aim to clarify the microscopic origin of this remarkable effect by analyzing the under-

lying electronic structure for different values of q and by deriving effective exchange

interactions between the local magnetic moments at different lattice positions.

In Fig. 6.6 the modulus of the local magnetic moments µ(q) = |〈~m〉WS| inside

the atomic WS spheres is also shown as a function of q. For all considered lattice

parameters one observes that the local moments are remarkably robust, irrespectively

of the magnetic order and geometry of the wires. The quantitative changes amount to

less than 10%. This implies that the local magnetic degrees of freedom always preserve

their identity. An interpretation of the magnon dispersion curves in terms of effective

interactions between the local moments in real space is therefore justified. In the FM ZZ

wires, µ decreases as the spiral order develops with increasing q, reaching its minimum

value for the AF state or short before it [see the lower panels of Figs. 6.6 (a) and (b)].

The largest changes in µ are found for the ZZ geometry at the equilibrium a, where it

drops from µ(0) = 2.93µB to µ(π/a) = 2.60µB or µ(π/a) = 2.75µB for the PNC and

ANC waves respectively. This is probably a consequence of the larger local coordination

number and stronger d-electron hybridizations in the ZZ geometry. In RLs a weak non-

monotonous dependence of µ on q is found, even for large lattice parameters having

a FM ground state. The typical changes are about 2–6%. For example, µ drops from

µi(0) = 2.89µB to µi(π/a) = 2.83µB for the equilibrium a = 2.4 Å. Notice that the

positions of the minima in E(q) and µ(q) do not coincide in general [see Fig. 6.6 (c)].

5.2.3 Local electronic structure

In Figs. 5.6 the calculated spin-polarized local d-electron DOS of Fe stripes are given

for representative wave numbers q. In each case the 3d-electron DOS ρd(~r, σ, ε) is

projected on the position ~r and on the spin components up and down (σ =↑, ↓) taking
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5.2 Models of SDWs in chains and ladders 77

the direction of the local magnetic moment ~µi at some atom i as the spin-quantization

axis. The up and down spin components should actually be understood as majority-

and minority-spin projections. Subsequently, the DOS is integrated within the WS

sphere of atom i in order to obtain the spin-polarized local DOS ρdiσ(ε). Since the

magnetic order of these wires is roto-translational invariant for all q, the thus obtained

local DOS are strictly the same at all atoms. A translation of the orbital coordinates by

a distance a along the wire, followed by a rotation of the spin coordinates by an angle

θ = qa around the axis of the wire, leaves the electronic states unchanged. Therefore,

the result for ρdiσ(ε) can be compared for different q and lattice structures.

The changes in the DOS as q increases reveal a most interesting crossover between

the quite distinct FM and AF electronic structures. For q = 0 we observe the char-

acteristic FM exchange splitting between up and down DOS, each of which has an

important band width, which is larger than the exchange splitting. Minority and ma-

jority DOS overlap, but there is no hybridization between them. The up DOS vanishes

at high energies, where the down DOS has the largest unoccupied contributions, and

the down DOS vanishes at the bottom of the band, where the important peaks in the

up DOS are present. As q increases a true hybridization between majority and minor-

ity states takes place. This is clearly reflected by the increased participation of down

states at low energies, where the up states are dominant, and of the up states at high

energies, where the down states have their most remarkable features. In addition, with

increasing q, the electronic states are depleted from the middle of the band, near half

d-band filling. Two distinct lower and higher energy sub-bands start to develop. At the

same time, the width of the dominant parts of the majority and minority DOS decrease

appreciably as we go from the FM to the AF configuration. This band narrowing is

compensated by the above mentioned increased hybridization between up and down

states, so that the variance (or second moment) of the majority and minority DOS

depend very weakly on q. These features are common to both ZZ and rectangular

stripes [see Figs. 5.4, 5.5, and 5.6].

Contrasting the different wire geometries provides a qualitative insight on the mi-

croscopic origin of the relative stability of collinear and noncollinear magnetic orders.

The DOS around the Fermi energy εF is particularly low in the FM configuration of

ZZ chains [see Fig. 5.4 (a)]. Occupied majority states are well separated from the

unoccupied minority ones, which anticipates a strong stability of the q = 0 state. As q

increases spectral weight is transferred to Fermi energy from lower and higher energies.

For the PNC order a strong peak is located precisely at εF for q = π/2a and q = 3π/4a.

In the AF state a new though less important reduction of the DOS at the Fermi energy

is found. The strong peak becomes essentially unoccupied and further spectral weight

is shifted to stronger binding [compare Figs. 5.4 (d) and (e)]. This explains, from an

electronic perspective, the strong increase of the magnon dispersion relation ∆E(q)
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Figure 5.4: Local d-electron density of states (DOS) ρdiσ(ε) of free-standing zig-zag (ZZ)

Fe chains with periodic noncollinear (PNC) order at the equilibrium lattice parameter

a = 2.52 Å for representative SDW numbers q. Results are given for the majority-spin

(full lines) and minority-spin (dashed) components along the direction of a local magnetic

moment ~µi. The Fermi energy εF is indicated by the vertical dashed lines.

for small values of q, as well as the flattening or slight decrease of ∆E(q) at the zone

boundary [see Fig. 6.6 (a)]. In the ANC case an increase of the DOS close to εF is

also observed with increasing q. This explains qualitatively the increase of ∆E(q) with

increasing q, which implies that FM order is favored. However, the spectral-weight

transfer is more progressive and, above all, much less important than in PNC waves
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Figure 5.5: Local d-electron density of states (DOS) ρdiσ(ε) of free-standing zig-zag (ZZ)

Fe chains with alternative noncollinear (ANC) order at the equilibrium lattice parameter

a = 2.52 Å for representative SDW numbers q. Results are given for the majority-spin

(full lines) and minority-spin (dashed) components along the direction of a local magnetic

moment ~µi. The Fermi energy εF is indicated by the vertical dashed lines.

[see Fig. 5.5]. This is consistent with the weaker and monotonous increase of ∆E(q)

shown in Fig. 6.6 (b).

In RLs the electronic structure is quite different. Here we find a high DOS at

εF in the FM state, which tends to be reduced and broadened for q = π/2a [compare

Figs 5.6 (a)–(c)]. Consequently, one expects that NC configurations with finite values of

q should be more favorable. Finally, in the AF state of RLs the width of the minority
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band becomes clearly narrower [see Fig. 5.6 (e)]. Consequently, occupied minority

states are shifted to higher energies, closer to εF . This implies an increase of the KS

electronic energy, in agreement with the increase in ∆E(q) shown in Fig. 6.6 (c) for

large q. In conclusion, the analysis of the DOS as a function of wire geometry and wave

number allows us to establish correlations between the local electronic structure and the

magnon dispersion relations, thus providing a complementary physical understanding

of the latter.

Before closing this discussion it useful to comment on the interpretation of the re-

ported spin-polarized local DOS from the point of view of real space, in relation to the

hopping or hybridization of electrons between NN atoms. We adopt here for simplic-

ity the tight-binding or linear-combination-of-atomic-orbitals perspective, although an

analogous argumentation holds in terms of the KS potential vs = vext + vH + vxc. In a

FM state the majority-spin atomic energy levels εα↑ on the one side, and the minority-

spin energy levels εα↓ on the other side, are the same at all atoms. The broadening

of the up and down d bands can be regarded as the result of interatomic hoppings or

hybridizations of electrons between orbitals that have nearly the same energy and the

same spin projection. We put aside here for simplicity the dependence of the energy

levels on α. Since the magnetic order is collinear and the spin quantization directions

at all atoms coincide, the electrons preserve their spin direction upon interatomic hop-

ping. In an AF state the situation is different but still quite transparent. Majority and

minority spin directions are inverted between NNs (or between different sub-lattices

in general). Therefore, the lower lying majority orbitals hybridize with higher-lying

minority orbitals at the NNs. This explains the band narrowing, as compared to FM

states, the shift of the majority states to lower energies, and the shift of the minority

states to higher energies. In the AF solution (q = π/a) the electronic hoppings be-

tween NNs occur with certainty from the majority up to the minority levels, and vice

versa. This follows from the convention for spin quantization adopted above, since the

electrons preserve their spin direction upon hopping. For 0 < q < π/a the situation

is less intuitive. In this case, even the spin conserving potentials vext and vH yield

electronic hoppings between both spin directions. For instance for q = π/2a, a spin

up electron hops with equal amplitude to the majority and minority levels of its NNs.

The densities of states shown in Figs. 5.4–5.6 are indeed the same on all atoms, but

they refer to different directions in spinor space. One should be therefore careful when

constructing a real space picture of the electronic structure of spiral states on the basis

of the reported local DOS.
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5.2.4 Effective magnetic interactions

The ground-state magnetic order and magnon dispersion relation of Fe wires can be

analyzed from a local perspective in terms of the phenomenological classical Heisen-

berg model. The NN interactions alone can only yield FM or AF dispersion relations

depending on their sign. Therefore, it is necessary to take into account magnetic in-

teractions beyond the immediate local environment in order to describe the observed

complex q dependencies leading to NC magnetic arrangements. In the following we

consider up to 6th NN interactions in the Hamiltonian. As we shall see, this ensures

an accurate description of all relevant spin excitations. The interaction parameters

J0δ corresponding to different geometries and lattice parameters are obtained by fit-

ting (3.16) to the ab initio results for ∆E(q). This Fourier transformation allows us to

quantify the effective interactions between the local magnetic moments ~µi.

In Fig. 5.7, the fitted and ab initio results for ∆E(q) are compared for representa-

tive interatomic distances a. The right column illustrates the quality of the fits: the

curves refer to the Heisenberg model and the symbols to the ab initio calculations.

The corresponding effective interaction parameters J0δ between the local moments are

given in the left column as a function of δ. One observers that the Heisenberg model

provides a very accurate phenomenological description of the ab initio magnon dis-

persion relations for all considered wire geometries. Interactions beyond 4th NNs are

found to be negligible.

In the case of ZZ wires with PNC order, the first NN coupling J01 is the dominant

interaction both at equilibrium (a = 2.52 Å) and at shorter distances (a = 2.3 Å).

The values of J01 are about 250 meV/atom larger than all other exchange interactions.

Consequently, ∆E(q) increases with increasing q and the FM order dominates over

all the other NC states, as shown in Fig. 5.7 (d). For the ANC order, J01 is also the

most important magnetic coupling in the Hamiltonian. However, in this case J02 < 0,

which implies that AF interactions start to become important. Still, |J02| is small in

comparison to J01. Thus, the FM state remains the most stable magnetic arrangement.

In contrast, in RLs the AF second NN coupling J02 gains a considerable importance.

For distances close to equilibrium they are comparable to the first NN ferromagnetic

coupling J01, and for a = 2.3 Å we find even |J02| > J01. The competition between

FM J01 and AF J02, and the resulting magnetic frustrations are solved by stabiliz-

ing noncollinear magnetic configurations. These strong qualitative differences in the

distance dependences of J0δ for ZZ chains and RLs explain the contrasting dispersion

relations and magnetic orders in these systems. Reduced coordination alone is not a

valid argument. The details of the transversal structure of the wires and the local

atomic environment matter.
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Figure 5.7: Effective exchange interactions J0δ in Fe wires between a local moment µ̂0
its δth nearest neighbors µ̂δ as a function of δ (left column). The corresponding magnon

dispersion relations ∆E(q) are shown in the right column, where the curves refer to the

classical Heisenberg model fitted to the ab initio calculations (symbols). Results are shown

for (a) zig-zag (ZZ) chains with periodic noncollinear (PNC) order, (b) ZZ chains with

alternating noncollinear (ANC) order, and (c) rectangular ladders (RL) at the indicated

lattice parameters a [see Fig. 6.1].

Magnetic phase diagram

A more universal analysis of the stability of spiral SDWs in chains and ladders is pro-

vided by the ground state phase-diagram of the 2D classical Heisenberg model as a

function of the exchange interaction parameters [Eq. (3.16)]. Restricting the range

of the interactions to the most important couplings J01 and J02, one identifies three

distinct regimes: the ferromagnetic region for J01 > 0 and 4J02 > −J01, the anti-

ferromagnetic region for J01 < 0 and 4J02 > J01, and the noncollinear region for

4J02 < −|J01|. In the latter case, SDW solutions having 0 < q < π/a are the most sta-

ble. In Fig. 5.8, the J01–J02 phase diagram of the classical Heisenberg model is shown.

The symbols indicate the interaction parameters derived from the ab initio magnon

dispersion relations of the different Fe wires at representative lattice parameters a.
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Figure 5.8: Magnetic phase diagram of the classical one-dimensional Heisenberg model with

first and second NN interactions J01 and J02. The regions of stable antiferromagnetic (AF),

ferromagnetic (FM) and spiral spin-density wave (SDW) orders are shown. The symbols

indicate the effective exchange couplings in Fe wires as derived from ab initio calculations for

linear monoatomic chains (dots), zig-zag chains with PNC (triangles), zig-zag chains with

ANC order (cross) and rectangular ladders (squares). The corresponding lattice parameters

a are given in Å, where the equilibrium value is underlined.

For the monoatomic chain, one observes a transition from NC order to FM order as

the bond length a is increased. For a ≤ 2.3 Å, and in particular at the equilibrium dis-

tance, the linear chain adopts a spiral ground state, whereas for large lattice parameters

the FM state is the most stable order. In the ZZ biatomic stripes the PNC and ANC

configurations always lie in the FM region for the considered interatomic distances.

The ANC states are close to the boundary with the spiral phase, and would certainly

finish by changing to a NC configuration if stronger compressions were assumed. In

contrast, for PNC waves the points lie well inside the FM phase, confirming the strong

stability of the FM order in this case. Finally, RLs at the equilibrium distances lie in

the spiral region, not far from the boundaries to the FM and AF phases. Expansion

stabilizes the FM order, while compression brings RLs further into the SDW phase.
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The phase diagram of the classical Heisenberg model as a function of the inter-

actions between the first and second NNs summarizes very clearly the competition

between these couplings and the resulting ground-state magnetic orders. The contrast-

ing behaviors of the various Fe wires, including linear chains, ZZ chains and RLs at

different interatomic distances, can thus be visualized from a local perspective. This

approach is therefore complementary to the electronic structure viewpoint adopted in

the previous section.

5.3 Summary

The magnetic properties of free-standing Fe wires having zig-zag and ladder geome-

tries have been investigated from first principles in the framework of density-functional

theory. The frozen-magnon dispersion relations have been determined and the stabil-

ity of various magnetic configurations has been analyzed. The results show that Fe

rectangular ladders develop spontaneously a noncollinear spiral ground state at the

equilibrium interatomic distance. This behavior is qualitatively similar to the one ob-

served in monoatomic linear wires. In the case of zig-zag stripes neither the periodic

noncollinear orders nor the alternating parallel and noncollinear spin arrangements

were found to be stable close to the equilibrium distances. In this case ferromagnetism

clearly dominates.

The electronic structures underlying the collinear and noncollinear magnetic states

have been analyzed by calculating the corresponding local densities of states for various

representative wave numbers q. In this way, a bridge between the electronic structures

of the collinear FM and AF states has been established. The stability of NC magnetic

order has been correlated to the depletion of the DOS at the Fermi energy εF (pseudo-

gap formation) and to the changes in the band width as a function of q. Effective

exchange interactions J0δ between the local magnetic moments have been derived from

the ab initio calculations in the framework of a classical Heisenberg model. The stability

of the different magnetic phases has been thus explained from a local prospective, as

the result of competing first and second NN interactions.
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Chapter 6
Tuning spin-density waves in chains by

means of external electric fields

In the present work we discuss the effect of an applied external electric field (EF) on the

spiral SDWs spectra of 1D 3d TM nanowires (NWs) in the framework of first principles

density-functional theory. The magnetic ground-states are analyzed in terms of frozen-

magnon dispersion relations ∆E(q) in the presence of external EF. Remarkably, an

external EF stabilize the spiral SDWs in V chains, in contrast to Fe where the FM order

remains most favorable. Moreover, it is interesting to noticed that external EF affects

the magnetic and electronic properties such as local magnetic moment µ and spin-

polarized density of states ρdiσ(ε). We examine the relative magnitude and sign of the

effective exchange interactions Jij, which are derived by mapping a classical Heisenberg

model energy relation to the calculated ab initio ∆E(q) results, in order to get insight

the nature of magnetic orders. We observe that applied EF mainly influences the

nearest-neighbor coupling J01 whereas the interaction beyond J01 remains unchanged.

Furthermore, the magnetic orders of V chains deposited on the Cu(110) substrate are

investigated for few representative values of spin wave vector q in the presence of the

external EF.

6.1 Introduction

The control of the magnetic nanostructures through external electric fields (EFs) opens

new prospectives for the next generation of low-energy consumption memory, high den-

sity energy-efficient storage and spintronic devices [104–107]. Manipulating the prop-

erties of the materials by non-magnetic means is therefore highly appealing form both
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fundamental and technological stand-points. Indeed, in the past years the effects of

applied EFs on a number of magnetic properties have been demonstrated. This in par-

ticularly effects the magnetic order [90] and its transition temperature, MAE [108,109]

and exchange bias [110, 111]. Electrically-induced bistable magnetization reversal was

measured in MgO-based magnetic tunnel junctions at room temperature, demonstrat-

ing the capabilities of the EFs for magnetic data storage applications [105, 112]. Fur-

thermore, experimental and theoretical investigations have shown that the exchange

interactions can be tuned in the presence of the external EF. For example, Ohno et al.

showed that the ferromagnetism can be tailored by means of EFs in thin film semicon-

ductor alloys, where ferromagnetic exchange coupling between the localized magnetic

spins are mediated by the valence-band holes [113]. This control is also found in small

clusters deposited on nonmagnetic transition-metal substrates [90, 114]. Moreover, it

has been shown that the MAE is highly sensitive to the EFs. In ultrathin films [109]

and deposited linear chains [115] the MAE follows a linear like dependence with the

electric field strength showing a considerable enhancement in its magnitude.

One-dimensional TM wires are of particular interest due to their unique electronic

and magnetic properties, which may have direct technological implications [2, 4, 14,

93, 95]. Very recently, DFT calculations predicted that various free-standing 3d TM

monoatomic chains such as V, Mn and Fe exhibit stable spin-spiral ground-state mag-

netic order [40–43,116,117]. These finding suggests that the stability of the wires may

be altered if not only the geometrical but the electronic environment is modified. In

this context, EFs seem to be the most promising route for tuning the electronic neigh-

borhood of the linear chains due to their well-known ability for controlling locally the

electronic and magnetic properties of the nanosized systems [105]. Thus, the aim of

the present work is to explore the further conditions in which the spiral SDWs in the

TM nanowires are preserved, enriching in this way, the previous research done [41,42].

In the present work, we investigate the effect of the external EF on the stability of

the NC magnetic orders especially in V and Fe nanowires. In section 6.2, illustration

of spiral SDWs in free-standing chains in the presence of the external EF along with

the theoretical background and a brief summary of the electronic calculations are pre-

sented. The influence of the external EF on the structural, electronic and magnetic

properties of V and Fe chains are discussed in section 6.3. The stability of spiral SDWs

is analyzed in terms of the frozen-magnon dispersion relations under the influence of

applied EF. Various studies have been reported that the substrates have a crucial in-

fluence on the magnetic coupling. Therefore, we analyze V chains on the Cu(110)

substrate with a special regard to the possibility of NC configurations. Furthermore,

the wire-substrate interaction is also by exploiting the external EF. We demonstrate

that magnetic ground-state switches from AF to FM order due to electrostatically

induced screening charges. Finally, in section 6.5 we conclude our main results.
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6.2 Theoretical background

The spiral SDWs in infinite free-standing and deposited TM chains, characterized by

their spin wave vector ~q = [0, 0, 2π/(Na)], are simulated within a supercell approach

by constraining the direction of the local magnetic moment µi at each atom i in the

chain, being N number of atoms in the supercell and a is the NN distance. The di-

rection of propagation is chosen along the wire axis (x-direction). The corresponding

wave numbers q = |~q| are compatible with the assumed supercell periodicity condition:

q = 2πn/(Na) with 0 ≤ n < N and n ∈ Z. Thus, q = 0 and q = π/a are refer to

the FM and AF states. The effect of an external EF is introduced by adding a planar

dipole layer in the middle of vacuum region [81]. In section 3.4 the theory of the ex-

ternal EF and its implementation for the present calculations has been described. The

direction of the positive EF is set to be perpendicular to the plane ([001]-direction)

of the nanowires. Due to the freestanding wire symmetry, the positive and negative

values of EF do not alter the results. An illustration of applied external EF to a infi-

nite free-standing wire having a spin wave ~q = (π/4a, 0, 0) is shown in Fig. 6.1. The

stability of spiral SDWs are investigated by varying the strength of EF.

Figure 6.1: Illustration of the geometry and coordinate system for a spin spiral having

~q = (π/4a, 0, 0). The uniform electric field [ ~E = ẑEz] is applied perpendicular to the chain.

6.2.1 Electronic calculations

We have performed fully NC calculations within the the PAW [75], as implemented in

the VASP [78, 80]. The XC energy-functional is treated by using Perdew and Wang’s

spin-polarized GGA PW91 [71]. The spin-polarized KS equations are solved in an

augmented plane-wave basis set taking into account the interaction between valence

electrons and ionic cores. The wave functions are expanded in the interstitial region in
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plane wave basis set having a cut-off energy of Emax = 500 eV. The integrations in the

BZ are performed by using Monkhorst-Pack scheme [79], with k-mesh of 1×1×120/N

which has been checked to yield suitable results for the present systems. We have used

Gaussian smearing with a width σ = 0.05 eV and performed series of calculations by

systemically reducing the σ value until the entropy contribution to the total energies is

less 10−2 meV per atom. The local magnetic moments ~µi at atom i are calculated by

integrating the magnetization density ~m(~r) inside the corresponding atomic WS sphere.

For V(Fe) wires, the radius of WS spheres is RWS = 1.323 (1.302) Å, respectively. The

criterion for the energy convergence has been set to 10−5 eV and the force on each

atom less than 10−2 eV/Å.

The role of the substrate on the magnetic properties of the 3d TM chains is probed

by taking a Cu(110) substrate consisting of six layers 1. The vacuum space between the

periodic images is at least 16 Å in the direction normal to the surface. The experimental

lattice constant a = 3.60 Å is chosen. The wires are placed in the hollow sites of

the Cu(110) surface along the x-direction. The in-plane separation between chains

is approximately 11 Å, which is large enough to avoid possible interactions between

neighboring chains. Geometrical relaxation is only allowed for the two outermost layers

together with the chain atoms. The three bottom layers keep the bulk distance. For

the collinear FM (q = 0) and AF (q = π/a), a two dimensional unit cell p(4 × 2) was

employed, whereas for the spin spiral configurations, (q = π/2a), a larger supercell

p(4×4) was considered. Consequently, a k-mesh of 10×5×1 and 5×5×1 k was used

for the first and second case respectively. For the deposited wires, a cut-off energy of

Emax = 400 eV was set. It was checked that dense k-meshes and cut-off energies lead

energy variations less than 1 meV per atom.

6.3 Spin-density wave spectra

6.3.1 Vanadium chains

First, we present the structural properties of V chains in the presence of an external

EF, which is applied perpendicular to the chain direction. The calculated binding

energy EB = Etot − Eat curves as a function of the lattice parameter a for different

strength of the external EF are shown in Fig. 6.2. Here, Etot are Eat are the total

energy of V chain and isolated V atom in the presence of EF, respectively. The circles

represent the DFT results, whereas the dotted lines are the nonlinear fits. The obtained

results demonstrate that the external EF affects the NN distance a between the chain

1We find that upon increasing the number of atomic layers upto seven or more, the difference in

the binding energy is less a 10 meV per unit cell.
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Figure 6.2: Binding energy EB of one-dimensional V nanowires as a function of the lattice

parameter a [see Fig. 6.1]. The considered values of the electric field applied perpendicular

to the chain are given in the insets. The corresponding equilibrium lattice parameters are

indicated.

atoms. As can be clearly seen in Fig. 6.2 (b-c), the external field elongates the lattice

parameter around 0.4% (2.61 Å), 0.96% (2.63 Å), and 2% (2.65 Å) with respect to FM

NN distance (2.6 Å) for Ez = 0.5, 0.75, and 1 V/Å, respectively. It is interested to

notice that the binding energy of V chains also increases with increasing the strength

of the field (Ez ≤ 0.75 Å), and then decreases for larger value of Ez. This increase

in the lattice parameters a and the binding energies EB occurs because the external

EF enhances the electron coupling within the chain atoms. According to previous

theoretical investigations, we noticed that a very small compression in NN distance a

can change the electronic and magnetic properties of the 3d TM chains. For example,

the spiral SDWs stabilized in V and Fe chains under certain pressure (a ≤ 2%) [41,42,

117].
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Figure 6.3: (a) Magnon dispersion relation ∆E(q) = E(q)−E(0) in V chains for different

values of the applied electric field Ez. The lattice parameter a = 2.6 Å is the equilibrium

bond length corresponding to the FM order in the absence of Ez. The symbols refer to the

ab initio calculations and the curves to the fit using a the classical Heisenberg with exchange

couplings J0δ (3.16). (b) Effective exchange interactions J0δ, between a local moment µ̂0
and its δth nearest neighbor µ̂δ ad a function of δ. The inset shows the local magnetic

moments µ within the atomic Winger-Seitz sphere for FM (q = 0) and AF (q = π/a) order

as a function of Ez.

In the present work, we are interested to investigate the effect of the applied external

EF on the stability of spiral SDWs in TM chains, which are strongly dependent on the

NN distance a. As we discussed, the EF yields an external constrained (compression)

on the chain atoms due to the screening charges, which responsible to elongate the

interatomic distance between the chain atoms. In the other side, the bond length of

the wires is fixed with the dimension of the supercell. The constrained produce due

to the external EF is responsible for stability of spiral SDWs in V chains at the FM

equilibrium lattice parameter a = 2.6 Å. In order to see this effect, we compute the

magnon dispersion relation ∆E(q) = E(q)−E(0) of V chains for two fixed values of a

(i.e., FM bond length a = 2.6 Å and AF a = 2.05 Å) in the presence of the external

EF.

First, at relaxed FM NN distance a = 2.6 Å, Fig. 6.3 (a) shows the dispersion curves

E(q) as a function of spin wave vector q for some representative values of Ez = 0.25,

0.50 and 0.75 V/Å. In the absence of the external EF (Ez = 0), one notice that the FM

state is energetically favorable over all the NC magnetic arrangements [41,42]. The AF

state lies about 235 meV higher in energy than the FM one. When the EF switches

on, the FM ground-state is not anymore remain favorable. For instance, the external
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Figure 6.4: a) Magnon dispersion relation ∆E(q) = E(q)− E(0) in V chains for different

values of the applied electric field Ez. The lattice parameter a = 2.05 Å is the equilibrium

bond length corresponding to the AF order in the absence of Ez. The symbols refer to the

ab nitio calculations and the curves to the fit using a the classical Heisenberg with exchange

couplings J0δ (3.16). (b) Effective exchange interactions J0δ, between a local moment µ̂0
and its δth nearest neighbor µ̂δ ad a function of δ. The inset shows the local magnetic

moments µ within the atomic Winger-Seitz sphere for FM (q = 0) and AF (q = π/a) order

as a function of Ez.

EF at Ez = 0.5 V/Å yields a very weak (shallow) energy minimum of spiral SDW

in between the FM and AF orders at q ' 0.2π/a, which is is around 1.5 meV/atom

lower than the FM order. As the external EF strengthen, it is interesting to notice

that the spin-spiral configurations become more stable. For E = 0.75 V/Å, the spiral

SDW energy minimum is around ∆E(q) ' 28 meV/atom lower than the FM order

at qmin ' 0.5π/a. Our results show that the external EF has a significant effect on

the stability of the ground-state magnetic order of V chains due to screening charges.

Here, in Fig. 6.3 (a), the symbols represent the ab initio results, whereas the curves

(lines) are fitted to the classical Heisenberg model energy relation (3.16).

The effective exchange interactions J0δ provide a more detailed analysis of the mag-

netic orders from a local prospective in TM chains. Fig. 6.3 (b) presents the exchange

interactions J0δ in V wires between a local moment µ̂0 its δth nearest neighbors µ̂δ as

a function of δ for different values of the external EF. For Ez = 0 V/Å, one observes

that the first NN coupling J01 has a large positive value which dominates over all the

other interaction terms and prefers the FM coupling. In contrast, the J02 exhibits a

small negative value, resulting AF exchange coupling. As the strength of the external

EF increases the magnitude of J01 tends to decrease, whereas the the values of J02
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and J03 are almost remains constant. However, for large value of Ez = 0.75 V/Å, the

magnitudes of J01 and J02 become comparable. This competition between the first

(J01 > 0) and second NN (J01 < 0) couplings leads to the magnetic frustration and

stabilize the spin-spiral solution. The inset of Fig. 6.3 (b) shows the local moments µ

for q = 0 (FM) and q = π/a (AF) orders as a function of Ez. In the absence of the

external EF, the calculated local moments are µ = 3.4µB and µ = 2.9µB for FM and

AF states, respectively. In both cases, the µ decreases monotonously with the strength

of Ez. This is due to the redistribution of the charge densities in the V atoms.

Moreover, we consider another case of V chain with AF NN distance a = 2.05 Å

and compute the dispersion relations in the presence of the external EF as presented

in Fig. 6.4 (a). First, we start the discussion when E = 0, we find that the magnetic

ground-state is spiral SDW at qmin ' π/2a. The energy minimum of E(q) is around 30

and 25 meV lower than the FM and AF orders, respectively [41,42]. For large value of

Ez = 0.75 V/Å, the external EF lowers the total energy of spin-spiral arrangements at

qmin ' 0.47π/a with respect to others possible magnetic orders. This energy minimum

is around 69 meV and 41 meV lower than the FM and AF orders, respectively. In

Fig. 6.4 (b), we represent the exchange coupling J0δ parameters as a function of δ for

different strength of Ez. At E = 0, J01 is negative but small in magnitude prefer AF

solution. In this situation, when J01 is small, than J02 and J03 get more importance

− J02 is even more large in magnitude than J01. This corresponds to a deep spin-

spiral energy minimum in the dispersion relation [see Fig. 6.4 (a)]. Remarkably, the

magnitude of J01 and J02 become more negative in the presence of EF. The average of

local moments µ for q = 0 and q = π/a are also plotted as a function of Ez in the inset

of Fig. 6.4 (b). For q = 0, µ decrease monotonously with the strength of Ez, whilst the

µ totally quenched for larger value of Ez ≥ 0.8 V/Å.

In order to qualitative insight into the microscopic origin of the relative stability

of spin-spiral magnetic orders, we calculate the spin-polarized 3d-electron local DOS

ρdiσ(ε) of V chains at the FM NN distance a = 2.6 Å. Results are given in Fig. 6.5

for q = 0 , q = π/2a and q = π/a in the presence of the external EF. In order to

see significant effect on the local 3d-DOS, we consider large value of the external EF

such as Ez = 1 V/Å, and for the sake of comparison, DOS at Ez = 0 V/Å are also

shown. At E = 0 V/Å, all the features of DOS are understand able as discussed

in the earlier theoretical studied [41, 86, 97]. For E = 1 V/Å, the majority-spin 3d-

states (dx2−y2-states not shown) just below the Fermi level are pushed towards the

higher energy. At the same time, the minority-spin d-states moving towards the lower

energies. As a result, the exchange splitting between the the majority and minority

states are reduced. Thus, the decrease in the exchange splitting between the majority

and minority states are responsible for reduction of local moments. The squeezing of

dx2−y2 states suggests that the numbers of electrons decreases due to the external EF,
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which can be calculated by integrating the local DOS within the sphere around each

atoms with the radius equal to that of the WS sphere. A quit similar behavior have

been observed in the DOS for q = π/2a in the presence of EF.

6.3.2 Iron chains

Similarly, we calculate the magnon dispersion relation ∆E(q) of Fe nanowires at equi-

librium NN distance a = 2.25 Å in the presence of applied external EF as shown in

Fig. 6.6 (a). In the absence of external EF (Ez = 0), the spiral SDW solution is the

most stable one at qmin ' 0.2π/a and the energy is around ∼ 10 meV/atom lower

than the corresponding FM order [41, 42]. When an external EF is introduced, we

observe that the spin-spiral energy minimum becomes shallow and switches to FM

order at Ez ≥ 0.5 V/Å. Fig. 6.6 (a) shows the dispersion relations for two represen-

tative values of Ez. One notices that the effect of EF on spin-spiral arrangements for

small values of q is very small, which is few meV/atom as compared to large value

i.e., q = π/a. For this reason, in a close window, we display the total energy differ-

ence ∆E(qmin) = E(qmin) − E(0) at the most stable magnetic configuration having

qmin = π/5a as a function of the external as shown in Fig. 6.6 (b). The plot is divided
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Figure 6.6: (a) Magnon dispersion relation ∆E(q) = E(q)−E(0) in Fe chains for different

values of the applied electric field Ez. The lattice parameter a = 2.25 Å is the equilibrium

bond length corresponding to the FM order in the absence of Ez. The symbols refer to

the ab initio calculations and the curves to the fit using a the classical Heisenberg with

exchange couplings J0δ (3.16). (b) The energy difference ∆E(q) as a function of Ez for

two representative values of q is presented. The dashed lines are linear fit to the calculated

results.

into two regions: one refers to FM and second spin spiral magnetic states. Our results
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Figure 6.7: The local magnetic mo-

ment µ within WS as a function of

the electric field.
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explore that the total energy of spiral SDWs is reduced linearly with the strengthen

of Ez. For the sake of comparison, we consider an other magnetic arrangements with

q = π/4a and calculate the energy ∆E(q = π/4a) as a function of Ez. Here, the

symbols refer to the ab initio calculations and the lines to the linear fit.

Fig. 6.7 shows that the change in the local moment µ of Fe chains within the

WS spheres as a function of EF strength. When an external EF is exposed to Fe

chain atoms, the charge redistribution occurs within the orbitals. Such redistributions

of charge density as usually accompanied by strong changes in the local magnetic

moments. We notice that the µ increases almost linearly when applied EF strength is

Ez ≤ 1 V/Å. A considerable changes in µ occur for Ez ≥ 1 V/Å.

To further gain insight into the influence of external EF on the relative stability of

spiral SDWs and changes in the local properties, we have studied the spin-polarized

local 3d-electron DOS ρdiσ(ε) of Fe chains at NN distance a = 2.25 Å for some rep-

resentative wave numbers q (q = 0, q = π/2a and q = π/a) in the presence of the

external EF. In Fig. 6.8, we display that the majority and minority spin components

along the direction of a local moment ~µ for Ez = 0 (full) and Ez = 1.5 (dashed) curves,

respectively. Appreciable changes occur in the electronic density of states, for exam-

ple, in the case of q = 0 for Ez = 1.5 V/Å, the majority-spin states peak is shifted

by ∼ 229 meV towards lower energies with respect to the peak of Ez = 0, while a

little shift is observed in the minority-spin states. A very similar trend of shifting the

majority-states has been observed for q = π/2a and q = π/a. Thus, the large exchange

splitting between the majority and minority states (i.e., n↑ − n↓ = µ) enhances the

local moment µ as shown in Fig. 6.7. A theoretical studies have recently revealed that

unbalanced occupation of the majority- and minority-spin orbitals in the presence of

an external EF results an enhancement in the local magnetic moment and MAE of iron
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(c) AF order. The spin quantization axis is taken along the direction of the local magnetic

moment ~µi. Positive (negative) values refer to major (minority) spin, while full (dashed)

correspond to Ez = 0 (Ez = 1 V/Å).
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chain [118]. They explained the charge density distribution within the Fe orbitals by

plotting the electron dispersion relation for different strength of electric field.

6.4 Vanadium chains deposited on Cu(110) surface

In order to interplay between the ground-state magnetic order of freestanding and

deposited V chains on Cu(110) substrate as a function of the external EF (Ez), we

determine the exchange couplings J01 = E(π/a) − E(0) and J02 = E(π/2a) − E(0)

as display in Fig. 6.9. Here, J01 > 0 and J01 < 0 correspond to the FM and AF

orders, respectively. It is interesting to notice that the free-standing V chain exhibits

FM order with a large exchange energy J01 ' 200 meV, whereas the coupling between

the deposited chain-atoms becomes AF with the exchange energy J01 ' −58 meV.

This effect causes due to the hybridization interaction. Remarkably, we notice that

the magnetic order of the V chains is more sensitive due to the substrate effect [44].

Furthermore, large reduction of the local moment µ yields from µ = 3.4µB to µ =

2.21µB, which is around 32% small in magnitude with respect to free-standing chain.

In the presence of the external EF the exchange coupling J01 continuously decreases

(oppositely) for both freestanding and deposited wires [see Fig. 6.9]. Positive value

(Ez > 0) tends to reduce the strength of the FM coupling in the freestanding case. In

contrast, Ez > 0 tends to reduce the strength of the AF coupling in the case of deposit

V chains. As s result, a transition from AF to FM order yields at Ez ' 0.5 V/Å.

The effect of an external EF on the stability of noncollinear spin structure having

q = π/2a in deposited chains is also taken into account. The calculated results of J02
as a function of field is represented with blue curve in Fig. 6.9. For Ez = 0 V/Å, we

find that the spiral arrangements are not favorable over the AF order and the energy

difference is found to be J02 − J01 ' 11 meV. Remarkably, the NC spiral solution

become more stable over the AF order under the influence of EF at Ez ≥ 0.1 V/Å.

Moreover, J02 changes almost linearly in the whole regime of Ez. Our findings reveal

that the external EF has a significant effect on J01 in both (free-standing as well as

deposited V chains) cases as compared to the exchange coupling J02 of the NC spiral

configurations.

Fig. 6.10 shows the spin-polarized 3d local DOS of deposited chains with different

strength of the external EFs for q = 0 (FM) and q = π/2a (AF). In the presence of the

EF, significant changes have been observed in preferentially occupied states (majority

spin components) in the energy region between −1 eV and 0 eV near the Fermi level

for q = 0. Field Ez = 1 V/Å tends to decrease the intensity of 3d-states and pushes

them to the lower energies, whereas Ez = −0.75 V/Å increases the intensity and shifts
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Figure 6.9: Upper panel: Illustration of three different magnetic arrangements (ferro-

magnetic, antiferromagnetic and spin-spiral) in the precent of applied electric field. Lower

panel: Effective exchange couplings J0δ between the local magnetic moments in V chains

deposited on the Cu(110) as a functions of the electric field Ez, which is applied perpendic-

ular to the surface. Results are given for nearest-neighbor (δ = 1, dots) and next-nearest

neighbor interactions (δ = 2, crosses). For the sake of comparison the values obtained for

freestanding V chains are also shown. In all cases the the NN distance a = 2.55 Å within

the V chains corresponds to an epitaxial growth on Cu(110).

the states toward higher energies. The shift in 3d-states towards lower energies due to

positive EF leads to higher the total energy of FM order which results an instability
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Figure 6.10: Spin-polarized 3d local density of states (DOS) of V chains deposited on the
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1 V/Å, respectively.

towards the AF order, while negative EF shifts the states towards higher energies leads

to lower the total energy. The overall energy shift in majority spin states is observed

around ∼ 0.1 eV at the extreme value of applied EF (Ez = 1 V/Å). That could be a

reason for the instability of the AF magnetic order. In contrast, for q = π/2a (AF),

the change in the intensities of 3d DOS at Fermi level are observed for Ez = −0.75

and 1 V/Å. Moreover, the external EF gives rise to the redistribution of charges in the

V chain atoms, and also responsible for the change in the intensity and shift in the

3d-states.

6.4.1 Charge and magnetization densities

An applied external EF distributes uniformly the charges on the metal surface. A

sufficient large field alters the electron charge density due to the change in the number

of electrons (occupation) at the surface of V/Cu(110) substrate. This change can affect

the intrinsic properties of the system such as magnetic orders [90] and MAEs [109,119].

The induced charge density ∆ρ = ρ(Ez) − ρ(0) is define to be the difference between

the densities in the presence and absence of the external EF. Fig. 6.11 (a)-(b) shows
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Figure 6.11: Difference between the spatial distribution of the screening charge densities:

(a) ∆ρ = ρ(−0.75)−ρ(0), and (b) ∆ρ = ρ(0.75)−ρ(0) of V chains on the Cu(110) substrate.

The bule and red colors indicate depletion and accumulation of electrons, respectively. The

positive (negative) electric field is defined to be pointed in (out) from the V/Cu(110) system.

The red and blue surfaces represent 10× 10−3e/Å
3

and −10× 10−3e/Å
3
, respectively.

that charge densities profile with respect to zero field. Here, positive and negative EFs

are represented by outward and inward directions to the Cu(110) surface.

From the inspection of this plot, we find two alternating regions: the charge ac-

cumulation (∆ρ > 0) region and charge depletion region (∆ρ < 0). The depletion

and accumulation regions are represented by blue and red contours, respectively. It is

interesting to notice that the charge distribution across the V chains atoms is not sym-

metric in the presence of positive (negative) EF. For instance, in the case of positive

field the electrons penetrate into the vacuum and produce deficiency of charges across

the V atoms [see Fig. 6.11 (b)]. This deficiency of charges lower the total energy of

the system and stabilized the AF state. Similarly, negative EF pushes the electrons

from the V atoms to the Cu(110) substrate [see Fig. 6.11 (a)], which are responsible

to higher the total energy and stability of the FM order.

For the further anylysis, we compute the planar-averaged charge density by in-

tegrating the charge density of the xy-plane at each z coordinates as ∆ρavg =∫ ∫
A
ρ(x, y, z) dx dy. Fig. 6.12 illustrates ∆ρavg as a function of the z-coordinate
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for two representative values of Ez. Here, the first and second vertical dotted lines

refer to the position of the upper most Cu layer and V chain atoms, respectively. It is

seen that the amplitude of the depletion charge densities on the V atoms increases with

the strengthen of Ez. Moreover, the screening charges indicate that the bulk electrons

play a major role in the presence of the external EF. The main purpose is to evaluate

the displaced (injected) numbers of electrons in the present system. Our results suggest

that around q ' 0.59|e| electrons are removed from the system at Ez = 0.5 eV/Å when

a magnetic order transition from AF to FM takes place.

Figure 6.12: Average screened charge density difference, ∆ρavg = ρ(Ez)−ρ(0), in a parallel

plane to the surface (xy-plane) along the z-direction, which is normal to the Cu(110)

substrate for positive and negative electric fields. Positive and negative values of ∆ρavg
refer to remove and add the electrons to the system in the presence of the external fields.

6.5 Conclusion

Our first-principles investigations showed that the magnetic properties of one-dimensional

V and Fe chains can be tuned in the presence of the external electric field. The stabil-

ity of spiral SDWs has been analyzed by determining the magnon dispersion relations

∆E(q). Our results revealed that the magnetic ground-state of free-standing V chains

switches from the stable FM order to spiral SDWs in the presence of an applied exter-

nal EF at the equilibrium interatomic distance a = 2.6 Å. Moreover, the stability of
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NC spiral configurations further enhanced with the strengthen of the external EF at

both FM and AF NN distances. In contrast to V, the ground-state magnetic order of

Fe chains has been switched from spin-spiral to FM state at Ez ≥ 0.3 V/Å.

To investigate the hybridizational effect between the wires and metallic surface,

which can be appreciably modified the couplings between the local moments µ and

the electric properties of the wires [43]. We have performed calculations of V chains

deposited on the Cu(110) substrate as a perspective example. In the absence of EF

(Ez = 0 V/Å), similar to other studied, we found that the magnetic solution is AF

(J01 < 0). Interestingly, the strength of AF coupling decreases with the increase of the

strength EF towards positive values. At Ez ≥ 0.5 V/Å, a transition of magnetic order

from AF to FM coupling have been observed. Moreover, we noticed that the EF has

in general a strong influence on the FM state of deposited wire than the AF one. In

contrast, negative applied EF stabilize AF magnetic arrangement. Furthermore, spin-

spiral magnetic structure having q = π/2a become more favorable at Ez ≥ 0.25 V/Å.

As a conclusion, it is demonstrated that the external EF modifies the ground-state

magnetic orders in both freestanding and deposited 3d chains. Thus, it can be used

as a promising tool for tuning the electric and magnetic properties of novel magnetic

materials.
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Chapter 7
Noncollinear magnetism in 3d transition

metal chains on graphene

The substrate hybridization effect on the magnetic properties of TM chains is crucial

for the stability of the magnetic orders as well as magnetic anisotropy energy likes

properties. Therefore, choice of a suitable substrate is extremely challenging. In fact,

in the present work, we are interested to investigate the stability of spiral SDWs in 3d

TM chains, which are strongly dependent on the NN distance as we have discussed in

earlier studies [41,117].

In the present study, we explore the structural, electronic and magnetic properties of

3d TM (V, Cr, Mn, Fe and Co) monoatomic chains deposited on a graphene nanosheet

and TM-terminated zigzag graphene nanoribbons (GrNRs). The favorable magnetic

structures are investigated by the analysis of corresponding binding energies EB for

TM chains deposited at various positions on the graphene sheet. The stability of NC

spiral configurations are quantified by computing the frozen-magnon dispersion relation

∆E(q) as a function of q. Remarkably, it is found that Mn chains on a graphen sheet

develop a spontaneously spin-spiral structure, whereas V, Cr, Fe, and Co chains show

collinear ground-state magnetic order. In the case of TM-terminated GrNRs, V and

Fe wires stabilize spiral arrangements. Effective exchange interactions Jij between the

local magnetic moments µ are derived by mapping the ab initio results to a classical

Heisenberg model. The stability in the NC magnetic arrangements are explained as

the result of the interplay between competing Jij NN interactions. Finally, we include

the spin-orbit interaction in the calculations and determine the magnetic anisotropy

energy (MAE). The results show that Fe and Co chains yield significant magnetic

anisotropy energies and orbital magnetic moments of the order of few meV. They are,
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106 Noncollinear magnetism in 3d transition metal chains on graphene

thus, potential candidates for high-density magnetic storage. Moreover, the calculated

MAEs for V, Cr, and Mn chains are relatively small in magnitude.

7.1 Introduction

Graphene is a 2D material made of carbon atoms strongly bonded in a honeycomb-like

lattice. It become promising in materials science including physics, chemistry, and biol-

ogy due to its numerous intriguing properties [49]. Graphene monolayers are often used

as a substrate because of their high-room-temperature carrier mobility [46], quantum

Hall effect [47,48] and easy growth. Moreover, the electronic structure of the graphene

monolayer shows a linear energy dispersion, near Fermi energy EF i.e., massless Dirac

fermions, which offers new exciting opportunities for spintronic devices [50]. Graphene

is a particularly promising field for spintronics devices due to the weak spin-orbit and

hyperfine interactions, which in other materials field significant spin relaxation and

decoherence [120]. Tuning the electronic structure of graphene and at the same time

realizing the desired spintextures is a challenging task. The electronic and magnetic be-

havior of graphene can be tuned to some extent by some chemical adsorbates [121,122],

by varying the thickness of graphene monolayers [123, 124], by means of interactions

with substrates [125], introducing contact with metals [126], by suitable metal impuri-

ties [127,128], or by means of external applied electric fields [51].

A few studies of metal impurity including single magnetic adatom, 1D chains and

small clusters deposited on the graphene sheet have been performed in the past [129–

131]. In introducing TM impurities in graphene systems has become a popular choice to

enhance the interactions and give rise to magnetic moments. Therefore, it is important

to understanding the interaction between adsorbates and graphene for fabricating new

electronic devices for technological applications and transport experiments [129, 130].

Recently, a significant progress from both experimentally and theoretically points of

view has been advanced in this direction in order to give a nanoscale understanding of

the interactions between the TM adatoms and graphene [132,133]. Especially, 3d TM

magnetic impurities have gained much attention due to their possibility of inducing spin

polarization and magnetic properties in graphene. These studies mainly investigated

the stable structural arrangements of metal adatoms on graphene [131,134].

The physics of magnetic nanostructures, particularly low-dimensional systems in-

cluding small particles of various size, 1D nanowires etc, is remarkably interesting from

both fundamental and technological prospective [3]. Now a days, experimentally, it

has been demonstrated that arrays of atoms can be formed by manipulating individual

atoms using a STM-tip on various magnetic and nonmagnetic monolayers [102]. A vast
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variety of magnetic adatoms interaction with graphene have been investigated both ex-

perimentally using spin polarized STM as well as theoretically [127, 129, 130]. These

studies have opened the new exciting possibilities to address the electric and magnetic

properties locally of these system. This includes particular the Kondo effect in Co

adatoms on GrNR [135]. The isolated 3d TM adatoms on graphene sheet have been

intensively investigated both experimentally and theoretically. However, monoatomic

wires and small clusters including few atoms have remains unexplored so far [128,131].

In general, an isolated graphene sheet is nonmagnetic. It usually become magnetic

in the vicinity of doping magnetic impurities, due to hydrogenation or through defect

control such as vacancies or forming nanoribbons [136–138]. Now a days, it is experi-

mentally possible to construct GrNRs with both sharp edges zigzag and armchair by

cutting the graphene along two high-symmetry crystallographic directions. The TM-

terminated GrNRs with armchair or zigzag can be excellent candidates for spintronic

related applications due to flat-band magnetism induces by peculiar localized electronic

state at each edge [139,140].

Further investigations are important in order to understand how the electronic and

magnetic properties of GrNRs can be affected by TM termination. Very recently, TM

terminated GrNRs have been shown large spin polarizations and magnetoresistance.

Another similar study focused on the change in magnetic order or inter-edge mag-

netic coupling of Fe-, Co-, and Ni-terminated GrNRs as a function of ribbons widths

w [141, 142]. They found that the total energy difference between the FM and AF

orders decreases with increasing the width of zigzag nanoribbons, whereas a nonlinear

behavior is observed in the case of armchair nanoribbons. In our present chapter, we

are interested in both inter-edge couplings as well as in the stability of NC magnetic

structures in TM chain atoms which are directly attached on both sides of nanoribbons

[see Fig. 7.1 (b)].

Another essential property of magnetic systems, especially in low-dimensional

nanostructures, is the MAE which originates from SOC and describes the tendency of

saturated magnetization to align along specific high symmetry directions. The MAE is

defined as the energy difference ∆E between two symmetrically inequivalent directions

of magnetization: a low-energy axis (easy axis) and a high-energy axis (hard axis).

It depends on the geometry and electronic structure of the system. However, most

bulk material posses little MAE due to the quenching of orbital angular momentum.

For instance, bulk Co in hexagonal closed-packed (hcp) structure yields the largest

MAE among ferromagnetic elements (∆E ' 0.06 meV/atom). Reduced dimensional-

ity plays an important role in order to enhance the MAE of TM systems. For example,

an isolated Co atom shows zero MAE due to its spherical symmetry, while TM chains

or dimers have much larger MAE then the corresponding solids. For example, the Co
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108 Noncollinear magnetism in 3d transition metal chains on graphene

dimer has a MAE of 7–50 meV/atom [143,144]. Moreover, the MAE can also be tunned

by the deposition of low-dimensional TM nanostructures on suitable highly-polarizable

substrates (e.g., Pd, Pt, and Ir) [4, 45, 145]. However, other deposition processes may

dramatically reduce the MAE due to changes in symmetry and electronic structure.

Therefore, in order to utilize the giant MAE of low-dimensional TM nanostructures, a

suitable combination of nanostructures with substrate must be found out.

Considerable theoretically work on this subject has been done, in this context fo-

cused on the adsorption of adatoms on carbon nanostructures. Nevertheless, in our

knowledge, the NC magnetic structures of 3d TM chains have not been investigated

yet. In this chapter, we investigate the structural, electronic, and magnetic properties

of V, Cr, Mn, Fe and Co monatomic chains, including collinear and noncollinear mag-

netic configurations, deposited on a single graphene sheet and terminated GrNRs. The

remainder of the chapter is organized as follows. In section 7.2, we present the compu-

tational procedure along with the structural models of simulated systems. An overview

of theoretical methods (DFT) may be found in section 2.1. The structural, electronic,

and magnetic properties of the deposited TM chains are discussed in section 7.3. The

stability of chains is analyzed by calculating the binding energy EB. In section 7.4, we

perform NC spin spiral calculations and analyze the magnetic ground-states in terms of

the corresponding frozen-magnon dispersion relations for TM chains deposited on the

Gr sheet and TM-terminated GrNRs. Relativistic effects, in particular SOC effects,

are discussed in section 7.5. Finally, in section 7.6, we summarize our results.

7.2 Computational details

Fig. 7.1(a) illustrates a simulation unit cell and the geometrical structure of TM wires

deposited on the Gr sheet. The chain graphene system is modulated using a periodic

2× 6 graphene supercell having 4.98× 12.86× 16 Å and periodic boundary conditions

along x- and y-direction. The supercell contains 24 C atoms and 2 of TM atoms. A

16 Å wide vacuum in the z-direction is chosen to avoid the interaction between the

neighboring images. We employ the optimized graphene lattice parameter a = 2.467 Å

(i.e., C-C distance 1.425 Å) which is in good agreement with others theoretical and

experimental studies. In order to find the most favorable adsorption position of TM

chain atoms on the Gr sheet, we optimize the structure of geometry of TM chains at

three different sites such as at the top of the C atom (T site), center of a hexagon (H

site) and at the middle of C-C bond (B site).

A second example of carbon nanostructures are zigzag GrNRs which are periodic

only in x direction and have a finite width (w). The width w of a nanoribbon consists
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Figure 7.1: (a) Relaxed atomic structures of TM chains deposited on a graphene sheet: I

side view, II top view, and III a model of spiral SDW in which the direction of local magnetic

moment µi having a wave vector q = π/4a is depicted. The leftmost unit cell [III- x = a]

is used for the calculation of dispersion relation ∆E(q) and the others are merely represent

the propagation of the spiral throughout the lattice. The lattice sites are attached with a

translational periodic length a along the x-direction. Here, a and d are the NN distances

between the TM-TM and TM-C atoms, respectively. The TM chain atoms are located

at hollow position (H site). (b) Illustration of the unit cell of TM-terminated GrNRs for

spiral SDW calculations. Red and yellow spheres represent the TM and graphene atoms,

respectively.
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110 Noncollinear magnetism in 3d transition metal chains on graphene

of a number of dimer lines N [see Fig. 7.1 (b)], where the TM atoms are directly

attached to the NN carbon atoms on both sides of the ribbon. The chain atoms are

repeated in x-direction, whereas a space of 14 Å is used between two edges (y-direction)

and perpendicular to the plane of the graphene sheet (z-direction) in order to prevent

the interaction between neighboring images. In the present calculations, we consider

nanoribbons having width w ' 11.5 Å (N = 6) which is sufficient large enough distance

to avoid the interaction between the TM atoms. The nanoribbon width larger then

11.5 Å or (N > 6) is not playing a significant changes on the properties of our systems

[see Fig. 7.1 (b)].

The structural, electronic and magnetic properties of TM chains deposited on

graphene nanostructures has been investigated within the PAW formalism, as imple-

mented in VASP [78]. The considered XC energy-functional is Perdew and Wang’s

spin-polarized GGA PW91) [71]. The KS wave functions are expanded in the inter-

stitial region in plane wave basis set with a cut-off energy of Emax = 500 eV. The BZ

integrations are performed by using Monkhorst-Pack scheme with k-mesh of 20× 5× 1

and 50 × 1 × 1 for Gr sheet and nanoribbon, respectively. All atomic positions and

lattice parameters are optimized by using the conjugate gradient method where total

energy and atomic forces are minimized. We use a Gaussian smearing with a width

of σ = 0.05 eV, this value ensure an entropy contribution to the free energy less than

1 meV/atom. The local magnetic moment ~µi at atom i is calculated by integrating

the magnetization density inside the corresponding atomic WS sphere. The radius of

WS spheres considered in the calculations are RWS = 1.323 Å for V, Cr, and Mn,

RWS = 1.302 Å for Fe and Co, and RWS = 0.868 Å for C. Convergence of the cal-

culation is assumed when the total energy difference of the two last consecutive steps

is less than 10−5 eV and the Hellmann-Feynman forces on each atoms are less then

10−2 eV/Å.

We performed fully unconstrained NC magnetic calculations within the PAW for-

malism, as implemented in VASP [80]. In this framework density functional theory is

formulated in terms of a 2× 2 density matrix. The frozen-magnon dispersion relations

are calculated by applying the generalized Bloch theorem [85]. This approach is com-

putationally much more efficient, because we do not need a very large supercell in oder

to compute the total energy for very small value of q [section 3.1.3 for further details].

In order to get advantage of this approach, we construct a supercell with 1× 6 dimen-

sion containing 12 atoms for both Gr sheet and GrNR. In the case of Gr sheet, 1 TM

atom is located at the H site. The periodic boundary conditions along the x-direction

yields a linear chain. In the case of GrNR, 2 TM atoms are directly attached with NN

C atoms on both edges. Fig. 7.1 illustrates a model of a spiral SDW with wave vector

~q = (q, 0, 0) for both the Gr sheet and the GrNR. The Brillouin zone integrations are

sampled using 30× 10× 1 and 50× 1× 1 Gamma-centered Monkhorst-Pack grids for
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the calculations of the Gr sheet and GrNR, respectively. A number of tests have been

performed in order to improve (minimize) the numerical accuracy (error) of the cal-

culations. We have found that cut-off energy and k-mesh larger than Emax = 500 eV

and 30 × 10 × 1 (50 × 1 × 1) for both systems yield a total energy difference of less

than 1 meV/atom [see Fig. 7.1 (a–III) and (b)]. In order to get most favorable mag-

netic configurations with lowest energy structures, we performed structural relaxation

calculations by relaxing the TM atoms as well as the Gr sheet.

The calculation of MAE of TM chains deposited on the Gr sheet is performed by

using the magnetic force theorem where MAE is related to the energy difference for

different magnetization axes by introducing the SOC in a non-selfconsistent way. The

MAE is calculated by using the supercell as shown in Fig. 7.1 (a–II) with large cut-off

Emax = 500 eV and 30 × 10 × 1 k-mesh. The considered parameters ensure the total

energy difference less than 0.5 meV/atom.

7.3 Structural and electronic properties of TM chains

deposited on the graphene and terminated nanorib-

bons

The binding energy EB as the difference between the total energy of the relaxed TM

chains on the Gr sheet (Echain/Gr) and that of the isolated perfect Gr sheet EGr and

the energy Eiso of the corresponding ioslated TM atom is given by

EB = [Echain/Gr − EGr − nEiso]/n

and, similarly for graphene nanoribbons (GrNR)

EB = [Echain/GrNR − EGrNR − nEiso]/n .

where n is the number of TM atoms in chains. In order to minimize the errors in the

binding energy, we employ with same supercell dimension, the k-mesh and cutoff energy

for the calculations of the TM-chain deposited on the graphen sheet (TM-terminated

nanoribbons) and isolated graphen (nanoribbons).

As a first step, we optimize the structures of TM chains at various positions such

as on top of C atoms (T site), in the middle of a graphene hexagons or hollow sites (H

site) and at a bridge site (B site) which correspond to TM atoms located above C-C

bonds.

A possible adsorption or migration pathway along T → H → B sites on the Gr

sheet along with the calculated binding energy EB is presented in Fig. 7.2. Note that,
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Figure 7.2: The variation of binding energy EB of TM chains at different adsorption

positions such as top (T), hollow (H) and bridge (B) sites on the graphene (Gr sheet).

in the energy profile presented in Fig. 7.2, the minimum binding energy points refer

to the most favorable binding sites for all considered NWs. During the geometrical

optimization, the TM chains atoms are kept fixed at a particular position (along x-, y-

direction), whereas its vertical position along z-direction (the hight from the graphene

plane) is relaxed. The C-C bonds near the TM chains atoms are slightly modified and

the Gr sheet is slightly bulged towards the carbon atoms. In Table. 7.I, we present

the magnetic orders (FM and AF), the wire-carbon interatomic distance dTM−C , local

moments µ of TM atom within the WS sphere, binding energy EB, and the exchange

∆EX = EAF − EFM between the antiferromagnetic and ferromagnetic states for 3d-

TM monoatomic chains. Positive (negative) values of ∆EX correspond to a stable FM

(AF) configurations.

Concerning to the binding energy of adsorbed TM chains on the Gr sheet at various

sites [see Fig. 7.2 (a)], we conclude that the H position is energetically favorable one for

V, Cr and Mn chains with distance dTM−C equal to 1.85, 1.94, and 2.02 Å, respectively.

Moreover, the top and bridge positions are found to be unstable for Mn chain. The

Fe and Co chains prefer B site adsorption with dTM−C equal to 1.94, and 2.02 Å,

respectively. One notices that dTM−C increases with increasing number of valance d-

electrons. Our results Fe chains deposited on graphene are in good agreement with
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earlier DFT studied [146, 147]. For instance, Zanella et al. reported that the most

favorable position of Fe chains on the graphene having linear and zigzag geometries is

the B site [147]. Furthermore, they found that Fe zigzag chains are the most stable

on graphene monolayer with FM alignment than the linear one. A very similarly

investigation explored that the Fe zigzag wires on the CNT(9,0) exhibit ferromagnetic

state [146]. In the case of TM terminated GrNRs, the calculated dTM−C are 1.98,

1.97, 1.92, 1.85, and 1.82 Å for V, Mn, Cr, Fe, and Co, respectively. Our results are

consistent with recent DFT calculations [141, 142]. In general, the binding energies

of TM terminated GrNR are higher compared to the deposited on Gr, which indicate

that the strong bonding between the chains and GrNR.

As expected the interaction between the TM chains and graphene is crucial for the

stability of the magnetic ground-state. In comparison to the freestanding V chain, we

notice a significant shift in the exchange energy ∆EX . In the case of V deposited chain

on graphene at H site, the obtained exchange energy is around ∆EX ' 207 meV, which

is around two times large in magnitude than the energy (∆EX ' 80 meV) calculated

in the case of freestanding chain at the same NN distance. We observer that deposit

V chains strengthen the FM order. In contrast to deposit chain, V terminated GrNR

stabilize AF order and the corresponding exchange energy is around ∆EX ' −34 meV

lower than the FM order.

All TM chains, in both cases Gr sheet and terminated GrNR, exhibit a reduction of

µ as compared to the local moments of freestanding chains as presented in brass. For

example, local moment µ of V chain is found to be 2.4µB, which is small in magnitude

with respect to the µ = 3.5µB of freestanding chain at the same NN distance. In order

to analyze the reduction of µ, we calculate the charge transfer between the TM chain

and C atoms by integration of the electronic density within the Bader cells [148]. The

Bader method takes properly into account the spill-off and interstitial contributions of

the charge density. Our results, based on the Bader analysis, show that a significant

amount of charge around ∼ 0.48 |e| per V atom is transfered from V chain atoms to

the Gr sheet. Similarly, the calculated charge transfer in Fe and Co chain atoms to

Gr is 0.29 |e| and 0.27 |e| per atom, respectively. From the Table. 7.I, one notices

that the local moments of V and Co chains are notably decreased ∆µ = 1.1µB and

∆µ = 0.61µB, respectively, whereas no significant change observes in Mn, Cr, and Fe

chains.

In TM chains on Gr sheet and terminated GrNRs, the valence d-electron states

of TM chain are coupled with the p-states of the NN C atoms [see Figs. 7.3 – 7.4],

which result the covalent bond between the TM and C atoms. This bonding reduces

the number of unpaired d-electrons and become a cause of reduction of local moment

compared to the freestanding wires [142].
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Table 7.I: Magnetic orders (FM and AF), distances between the TM chains and carbon

atoms of graphene dTM−C , local moments µ of TM atom, binding energy EB, and energy

difference ∆EX = EAF−EFM between the antiferromagnetic and the ferromagnetic orders.

Results are given for the most stable optimized geometry. In parentheses, the local moments

of the constitute chains atoms are presented.

3d TM chains Magnetic dTM−C µ EB ∆EX
order (Å) (µB) (eV/atom) (meV/atom)

V/Gr

H FM 1.85 2.39(3.43) -2.265

AF – 2.19 -2.058 207

V/GrNR

FM 1.98 2.59 -4.452

AF – 2.03 -4.558 −34.3

Cr/Gr

H FM 1.94 3.52(4.8) -0.576

AF – 3.60 -0.838 −257

Cr/GrNR

FM 1.97 3.58 -3.259

AF – 3.39 -3.619 −360

Mn/Gr

H FM 2.02 3.83(3.95) -0.981

AF – 2.85(3.88) -0.985 −4

Mn/GrNR

FM 1.92 3.155 -3.5805

AF – 3.19 -3.7163 −135

Fe/Gr

H FM 1.92 2.9(3.21) -1.783

AF – – -1.621 162

B FM 2.05 2.92 -1.906

AF – – -1.655 251

Fe/GrNR

FM 1.85 2.28 -4.611

AF – 2.23 -4.485 126

Co/Gr

H FM 1.75 1.55(2.21) -1.966

AF – 1.44 -1.860 106

B FM 1.95 1.74 -2.09

AF – -1.916 173

Co/GrNR

FM 1.82 1.273 -4.909

AF – 0.766 -4.704 205
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To gain further insight in the magnetic coupling mechanism of deposited chains

on the Gr sheet, we calculate the total and partial density of states ρdiσ(ε) of the TM

chains and NN carbon atoms as display in Figs. 7.3–7.4. Here, we consider V, Fe and Co

chains as prospective examples and investigate the hybridizational effect of graphene

on the magnetic properties of TM chains. Moreover, the local d-DOS of freestanding

TM chains at the same NN distance are plotted for the sake of comparison, which are

represented by bold blue lines.
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Figure 7.3: (a) Total and local d-electron partial density of states ρdiσ(ε) of a V chain at the

most favorable H position on the graphene having FM order. Shaded areas represent the

d-DOS of the deposited chain, whereas, in comparison, solid blue lines indicate the d-DOS

of the freestanding chain. The blue lines refer to total d-DOS of free-standing V chain at

the same NN distance. (b) s- and p-states of a V chain and p-states of the NN carbon

atoms. Results are given for the majority-spin (positive sign) and minority-spin (negative

sign) components along the direction of the local magnetic moment ~µi. The Fermi energy

εF is indicated by the vertical dashed lines.
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Figure 7.4: (a) and (c) Total and local d-electron partial density of states ρdiσ(ε) of Fe and

Co chains at the most favorable B position on the graphene having FM order, respectively.

Shaded areas represent the d-DOS of the deposited chain, whereas, in comparison, solid

blue lines indicate the d-DOS of the freestanding chain. The blue lines refer to total d-DOS

of free-standing Fe and Co chains at the same NN distance. (b) and (d) s- and p-states

of Fe and Co chains and p-states of the NN carbon atoms, respectively. Results are given

for the majority-spin (positive sign) and minority-spin (negative sign) components along

the direction of the local magnetic moment ~µi. The Fermi energy εF is indicated by the

vertical dashed lines.

First, in Fig. 7.3 (a)–(b), we analyze the DOS of V chain at the most favorable

adsorption H site along with the d-DOS of freestanding chains in order to demonstrate

the change in the electronic structures after deposition on a Gr sheet. We notice that

the majority-spin peak of DOS appears at the position ∼ −0.61 eV just below the

Fermi energy εF , which mainly originates from the contribution of the s-, p-, and d-

states of V and to a much lesser extent from p-states of NN carbon atom. Indeed,

there is hybridization interaction between these states. We can describe this effect

as follows: isolated graphene (carbon atoms) is nonmagnetic and exhibits no exchange
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splitting between the orbitals, where it becomes spin-polarized and shows spin-splitting

of p-states around the Fermi energy in the presence of 3d TM impurity [see Fig. 7.3 (b)].

One notices that there is considerable overlapping in the majority states of V and

NN C atoms within −2.0 eV to εF window. This overlapping produces hybridization

interaction between these states and reduces the broadening of the orbitals with respect

to d-DOS of free-standing chain atom. Moreover, the hybridization effect between the

s-, p-, and d-states of V-chain and p-states of NN C atoms reduces the exchange

splitting, which results the reduction of µ around 30% [see Table. 7.I]. We may justify

the reduction of local moment by calculating the charge transfer between the chain

and carbon sheet atoms. From Bader analysis, we find that a large amount of charge

around ∼ 0.48 |e| transfer from V to C atom. Similarly, the total and partial DOS

of Fe and Co chains adsorbed at the most favorable B positions on the Gr sheet are

shown in Fig. 7.4 (a)–(d). We notice that the Fe d-states and NN C p-states around εF
are overlapped and give rise the phenomena of hybridization. Therefore, NN C atoms

close to the chain possess a small amount of negative moments. Its value is around

−0.035µB. Here, like V chain, we do not find any significant contribution of p-states

of Fe and Co chains in the total DOS.

7.4 Spin-density wave spectra

In this section, we are going to investigate the stability of spiral SDWs in the V, Cr,

Mn and Fe chains. We find that V, Mn and Fe chains show a tendency to stabilize

spin-spiral solution on the Gr sheet and terminated GrNRs, whereas the ground-state

magnetic orders of Cr and Co chains are found to be AF and FM, respectively [see

Table. 7.I]. All the spin-spiral calculations have been performed by means of GBT as

discussed in the above section 7.2.

7.4.1 Vanadium chains

In order to determine the ground state magnetic order and its stability, we calculate the

magnon dispersion relation of V monoatomic chain deposited on a Gr sheet as shown

in the Fig. 7.5 (a). Our results show that the FM arrangement is the most favorable

one. For the sake of comparison, we display the dispersion relation of freestanding

V chain having the same NN distance a = 2.47 Å, which exhibits a stable NC spin

spiral configurations having qmin ' 0.5π/a and the corresponding energy is around

33 meV/atom lower then the FM order.
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Figure 7.5: (a) First principles results for the frozen-magnon dispersion relation ∆E(q) =

E(q) − E(0) of a V monatomic wire deposited on a graphene sheet as a function of the

spin density-wave vector q (full circles), V-terminated zigzag graphene nanoribbon (GrNR)

having a width N = 6 (open circles) [see Fig. 7.1 (b)], and a freestanding V wire (cross)

with the lattice parameter of a = 2.47 Å. The spin spiral wave vector q is given in unit of

π/a. (b) The effective exchange interactions J0δ derived from ∆E(q) as a function of δ.

V-terminated GrNR allows us to analyze the effect of change in coordination num-

bers and hybridization with the NN carbon atoms on the magnetic orders. Remarkably,

we find that the magnetic order of V-terminated GrNR is spin spiral [Fig. 7.1 (b)]. How-

ever, the FM solution (q = 0) is the less stable one, in context to the V/Gr case. The

spin spiral energy minimum occurs at qmin ' 0.6π/a [open circles in Fig. 7.1 (a)] and

the corresponding energy is around 100 meV/atom lower than the FM order and about

70 meV/atom lower than AF order. Thus change in magnetic stability can be quan-

titatively interpreted as a consequence of the reduction of coordination numbers and

hybridization with the C atoms. The local moment is slightly enhanced (µ = 2.6µB) in

comparison with the sheet (µ = 2.4µB). It remains to be investigated to what extent

these results depend on the width w of the GrNR, since the present calculation only

concern N = 6.

Fig. 7.5 (b) displays the calculated exchange interactions J0δ as a function of NN

distances δ, which were obtained by fitting the corresponding ab-initio dispersion re-

lations of Fig. 7.5 (a) to a classical Heisenberg model (3.17). In the case of V/Gr,

the magnetic coupling between first NNs is FM (J01 > 0) and dominates over all other

exchange interactions in both freestanding as well as deposited systems. Therefore, the

most preferable magnetic ground order is FM. In case of V-terminated GrNR, the first

and second NN interactions J01 and J02 are negative showing the tendency to AF cou-

pling, whereas, in contrast, J03 is positive and exhibit FM coupling. Therefore, the NC
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spiral configurations are stabilized by the competing interactions within the chains. In

other words, the system is said to be magnetically frustrated. Quite surprising results

are obtained in both cases: V chains adsorbed on Gr and V-terminated GrNR. In our

all considered cases, we find that the magnetic ground state of V chains are known to

be quite sensitive to the geometrical structures and interatomic distance [41,42].

7.4.2 Maganese chains

Fig. 7.6 (a) shows the excitation energy spectra of Mn chains for various geometrical

structures of graphene such as deposited on a Gr sheet and GrNR. The dispersion

curves show that the local energy minimum appears at qmin ' 0.65π/a for deposited

Mn chain on a Gr sheet which is shallower than the case of freestanding wire. Te energy

difference between the most favorable spin spiral structures and the FM order is found

to be approximately 60 meV. A physical quantitative explanation for the occurrence

of the energy minimum at finite q may be found in the band structure or density of

states of the Mn chain. We have discussed this situation, briefly, in the section 4.3.2,

where the majority- and minority-spin states show remarkable changes in the presence

of spin density wave vector q. In the presence of q, the majority-spin states below

the Fermi energy EF move to lower energies and the minority-spin states above EF to

higher energies. These energy shifting lead to lowering of the total energy. In the case

of Mn-terminated GrNR, we do not observe any energy minimum between the FM and

AF orders.

The calculated exchange interactions J0δ are presented in Fig. 7.6 (b) as a function

of NN distance δ. We notice that the strength of J01 and J02 reduce in comparison with

freestanding wires, but the NC spiral magnetic order still remains most favorable. In

the case of Mn-terminated GrNR, J01 is negative and very large in absolute value, and

clearly dominates the exchange interactions beyond nearest neighbors. In order words,

AF state is the lowest energy among all the explored configurations with respect to

different values of q.

7.4.3 Iron chains

The magnon dispersion relations of Fe chains deposited on the Gr sheet and terminated

GrNR are shown in the left panel of Fig. 7.7. In order to illustrate the role of the TM-C

hybridization on the stability of the magnetic order within the TM chains, we consider

different adsorption positions of Fe chain atoms mainly T , H, and B sites.
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Figure 7.6: (a) First principles results for the frozen-magnon dispersion relation ∆E(q) =

E(q)−E(0) of a Mn chain deposited on a graphene sheet as a function of the spin density-

wave vector q (full circles), Mn-terminated zigzag graphene nanoribbon (GrNR) having a

width N = 6 (open circles) [see Fig. 7.1 (b)], and a freestanding Mn wire (cross) with the

lattice parameter of a = 2.47 Å. The spin spiral wave vector q is given in unit of π/a. (b)

The effective exchange interactions J0δ derived from ∆E(q) as a function of δ.

In the case of Fe chain deposited at T position the NC spin arrangements with

qmin ' 0.2π/a are the most stable. However, the energy minimum is very shallow,

only about 5 meV/atom below the FM state. In the case of Fe deposited at H and

B sites, the ground state magnetic solution is found to be FM [see Fig. 7.7 (b-c)].

Remarkably, we observe an energy minimum at qmin ' 0.3π/a in the case of GrNR,

which lies around 8 meV/atom below the FM order. Notice that the wavelength λ of

the spin spiral wave is here nearly 8 NN distance, which is substantially shorter than

in the deposited case at the T position of the Gr sheet or in the case of freestanding

chains (λ = 10).

The stability of spiral SDWs when the Fe chain atoms are directly attached to the

NN carbon atoms of GrNR seems to be analogous to the situation found in Fe ladders.

Indeed, our previous results have demonstrated the formation of spiral SDW in bi-

atomic rectangular ladders (two parallel Fe-Fe chains) while keeping the FM couplings

in the perpendicular direction [117]. Here, the scenario is similar, since Fe-C pairs

repeat along the chains direction. We may further speculate that the d-orbitals of Fe

chain favor the NC magnetism or at least competing interaction couplings J0δ when

they are directly overlapping in the perpendicular direction.

In the right panel of Fig. 7.7, we present the effective exchange interactions J0δ
as a function of δth NNs for all considered geometries of Fe wires, which reflect the

strength of the interaction between neighboring spins. Notice that the interactions are
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Figure 7.7: (a) First principles results for the frozen-magnon dispersion relation ∆E(q) =

E(q)−E(0) of a Fe chain deposited on a graphene sheet as a function of the spin density-
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Fe-terminated zigzag graphene nanoribbon (GrNR) having a width N = 6 [see Fig. 7.1 (b)].

The spin spiral wave vector q is given in unit of π/a. (b) The effective exchange interactions

J0δ derived from ∆E(q) as a function of δ.
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almost negligible beyond the third or farther neighbors. Therefore, we only focus on

the dominate couplings J01 and J02. For instance, in the case of H and B sites, the

first NN exchange interaction clearly dominates. Therefore, FM arrangements are most

favorable one. In contrast, at the T site and the GrNR, the second NN interaction J02
gains a considerable importance and becomes comparable in magnitude to J01. Thus,

the competing trend between first and second NN interactions seem to be the main

factor that stabilizes the spin spiral configuration.

The magnetic phase-diagrams of a classical Heisenberg model have been used to

elucidate the results of spin spiral calculations by taking the first-two and the first-

three NN exchange interactions J0δ into account [see Figs. 4.14 and 4.13]. In practice,

these phase-diagrams are useful to predict the complex magnetic orders of freestanding

TM chains as well as deposited on graphene. First, we consider the case of Fe chain

adsorbed at T position, the calculated values of J01 and J02 are 116 and−39 meV/atom,

respectively. One uses these values in the phase-diagram [see Figure 4.14]. We deduce

that Fe has indeed a stable spin spiral configuration. Because, first and second NN

interactions satisfy the condition of spin spiral region i.e., 4J02 < −|J01|. Fe chains at

H and B sites do not fulfil specific criteria for spiral SDWs, therefore in both cases

the most favorable solution is FM. Similarly, for Fe terminated GrNR, the calculated

J01 = 64 and J01 = −32 meV/atom values suggest that the possibility to forming a

spiral SDW structure is significantly large.

7.5 Spin-orbit coupling effects

In this section, we investigate MAE, which is induced by SOC, of TM chains adsorbed

on the Gr sheet. Previous investigations have shown that the reduced dimensionality

such as 1D and 2D nanostructures deposited on the metal-substrates are often enhanced

the MAE as compared to 3D bulk materials [1–3]. Therefore, investigations of the

MAEs of the TM chains on the graphene are of interest. The MAE is calculated by

the difference of energies

∆Exz = Ex(θ = 90, φ = 0)− Ez(θ = 0, φ = 0), (7.1)

and

∆Eyz = Ey(θ = 90, φ = 0)− Ez(θ = 0, φ = 0). (7.2)

where θ and φ refers to the polar and azimuthal angles of the magnetization ~M . Ac-

cording to the definition of ∆Exz, positive (negative) values of ∆Exz correspond to as

out-of-plane (in-plane) easy axis.
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Table 7.II: Magnetic order, magnetic anisotropy energies ∆Exz and ∆Eyz, spin and orbital

moments of 3d TM chains deposited on the graphene sheet. Results are given only for the

chains showing FM ground state order.

3d TM chains magnetic ∆Exz ∆Eyz µs(µB) µL(µB)

order (meV/atom) (meV/atom) x z x z

V/Gr

H FM 0.177 – 2.394 2.397 0.021 0.012

Cr/Gr

H FM -0.21 – 3.513 2.352 0.033 0.015

Mn/Gr

H FM 0.15 – 3.831 3.829 0.012 0.033

Fe/Gr

H FM -3.54 0.37 2.901 2.903 0.191 0.098

B FM -3.61 0.51 2.921 2.917 0.248 0.139

Co/Gr

H FM -3.98 -1.875 1.555 1.555 0.208 0.106

B FM -3.42 -0.360 1.750 1.748 0.198 0.094

In order to provide a local perspective to our results, in Table. 7.II we present

the calculated values of ∆Exz and ∆Eyz along with the spin moments µs and or-

bital moments µL determined within the WS spheres for the considered TM chains on

the Gr sheet. We find that 3d TM elements up to the half band filling, such as V,

Cr and Mn, yield very small value of magnetic anisotropy energy. For example, the

calculated anisotropy energies of V, Cr and Mn chains are around 0.177, −0.21, and

0.15 meV/atom, respectively. These values are however more than 100-times larger

than typical bulk values for cubic symmetry. Remarkably, Fe and Co chains at most

favorable B position show relatively larger MAEs as compared to others considered

wires. The calculated MAEs are around ∆Exz = −3.61 meV and −3.42 meV/atom

for Fe and Co chains, respectively. Our results show that Fe and Co chains exhibit

(in-plane) easy magnetization axis with positive sign. Furthermore, only Fe and Co

chains yield considerable orbital magnetic moments of µL = 0.24 and 0.198µB, re-

spectively. In both cases, µL is in general larger along the chain direction. It should

be, however, noted that the differences among the µLx and µLz are very small (e.g.,

µLx − µLz = 0.108µB for Fe and µLx − µLz = 0.104µB for Co chains at the most

favorable B position).

It is interesting to notice that the calculated MAE of TM chains deposited on

graphene is quantitatively comparable with a very recent study of 3d TM chains on
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the grephyne monolayer [149], Co-dimer on graphene [143, 150] and Fe doped carbon

nanotubes [151], and Co chain on Pt(111) [115].

At less favorable H site for Fe chain, where the TM chain atom is surrounded by

six carbon atoms, a reduction of MAE is found due to the increase in coordination

number as compared to the B site. In contrast, Co chain show the opposite trend: the

MAE is large at the H site but the magnetization axis remains in-plane (x-axis).

7.6 Conclusions

In summary, we have studied the structural stability and magnetic coupling of one-

dimensional TM (V, Cr, Mn, Fe and Co) chains deposited on a graphene (Gr) sheet

and TM-terminated graphene nanoribbons (GrNRs) in the framework of a generalized-

gradient approximation to density-functional theory. From the analysis of binding

energies, we found that the hexagonal (H) centre sites are energetically favorable for

V, Cr and Mn chains, whereas the Fe and Co chains prefer the bridge (B) adsorption site

on the graphene sheet. The electronic structures have been analyzed by calculating the

total and local density of states of V, Fe and Co chains at the most favorable adsorption

sites on graphene. In V chains, we found that the magnetic coupling mediated by

hybridization between the s-, p- and d-states of V chain atoms and the p-states of the

NN carbon atoms which gives rise to robust long range FM order.

The stability of spiral SDWs in TM chains deposited on graphene and terminated

GrNRs has been investigated by computing the magnon dispersion relations. Our find-

ing showed that the Mn chains preserve stable spin-spiral structures on the graphene

as in the freestanding case, in contrast, V chains favor a FM alignment. In the case of

TM terminated GrNRs, V and Fe chains revealed a pronounced tendency to stabilize

spiral SDWs at spin wave vector qmin ' 0.6π/a and qmin ' 0.3π/a, respectively. In

contrast, Cr and Mn chains favor the AF order (q = π/a). The effective exchange

interactions Jδ0 between the local moments have been derived from the ab initio re-

sults in the framework of a classical Heisenberg model. The stability of the different

magnetic orders has been discussed from a local perspective, in particular as the result

of competing first and second NN interactions.

Taking the SOC into account, we showed that Fe and Co chains on the graphene

exhibit important spin magnetic moments as well as significant orbital magnetic mo-

ments and magnetic anisotropy energy (MAE). The results showed that V, Cr, Mn

and Fe chains on the graphene have an out-of-plan easy axis, whereas Co chain has an

in-plan easy axis.
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magnetic phase in submonolayer Fe stripes on Pt(997), Phys. Rev. B 79, 104430

(2007).

[4] J. Dorantes-Dávila and G. M. Pastor, Magnetic anisotropy of one-dimensional

nanostructures of transition metals, Phys. Rev. Lett. 81, 208 (1998).

[5] V. S. Stepanyuk, L. Niebergall, R. C. Longo, W. Hergert, and P. Bruno, Magnetic

nanostructures stabilized by surface-state electrons, Phys. Rev. B 70, 075414 (2004).

[6] R. Félix-Medina, J. Dorantes-Dávila, and G. M. Pastor, Ground-state magnetic

properties of CoN clusters deposited on Pd(111): spin moments, orbital moments,

and magnetic anisotropy, Phys. Rev. B 67, 094430 (2003).

[7] R. N. Igarashi, A. B. Klautau, R. B. Muniz, B. Sanyal, and H. M. Petrilli, First-

principles studies of complex magnetism in Mn nanostructures on the Fe(001) sur-

face, Phys. Rev. B 85, 014436 (2012).
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[116] W. Töws and G. M. Pastor, Theoretical study of the temperature dependence of

the magnon dispersion relation in transition-metal wires and monolayers, Phys. Rev.

B 86, 054443 (2012).

[117] M. Tanveer, P. Ruiz-Dı́az, and G. M. Pastor, Environment-dependent non-

collinear magnetic orders and spin-wave spectra of Fe chains and stripes, Phys. Rev.

B 87, 075426 (2013).

[118] M. Tsujikawa and T. Oda, Electronic structure and magnetic anisotropy of a

constrained Fe chain in an electric field, J. Phys.: Condens. Matter 21, 064213

(2009).

[119] C. G. Duan, J. P. Velev, R. F. Sabirianov, Z. Q. Zhu, J. H. Chu, S. S. Jaswal, and

E. Y. Tsymbal, Surface magnetoelectric effect in ferromagnetic metal films, Phys.

Rev. Lett. 101, 137201 (2008).

[120] N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees, Elec-

tronic spin transport and spin precession in single graphene layers at room temper-

ature, Nature (London) 448, 571 (2007).

[121] F. Schedin, A. K. Geim, S. V. Morozov, E. W. Hill, P. Blake, M. I. Katsnelson,

and K. S. Novoselov, Detection of individual gas molecules adsorbed on graphene,

Nature Mater. 6, 652 (2007).

[122] J. Berashevich and T. Chakraborty, Tunable band gap and magnetic ordering by

adsorption of molecules on graphene, Phys. Rev. B 80, 033404 (2009).

[123] J. B. Oostinga, H. B. Heersche, X. Liu, A. F. Morpurgo, and L. M. K. Vander-

sypen, Gate-induced insulating state in bilayer graphene devices, Nature Mater. 7,

151 (2008)

[124] T. Ohta, A. Bostwick, T. Seyller, K. Horn, and E. Rotenberg, Controlling the

rlectronic structure of bilayer graphene, Science 313, 951 (2006).

134



BIBLIOGRAPHY 135

[125] S. Y. Zhou, G.-H. Gweon, A. V. Fedorov, P. N. First, W. A. de Heer, D.-H. Lee,

F. Guinea, A. H. Castro Neto, and A. Lanzara, Substrate-induced bandgap opening

in epitaxial graphene, Nature Mater. 6, 770 (2007).

[126] G. Giovannetti, P. A. Khomyakov, G. Brocks, V. M. Karpan, J. van den Brink,

and P. J. Kelly, Doping graphene with metal contacts, Phys. Rev. Lett. 101, 026803

(2008).

[127] F. M. Hu, T. Ma, H.-Q. Lin, and J. E. Gubernatis, Magnetic impurities in

graphene, Phys. Rev. B 84, 075414 (2011).

[128] K. T. Chan, J. B. Neaton, and M. L. Cohen, First-principles study of metal

adatom adsorption on graphene, Phys. Rev. B 77, 235430 (2008).
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Glossary

Abbreviations

1D One-dimensional

2D Two-dimensional

AF Antiferromagnetic

APW Aaugmented plane wave method

ANC Alternative noncollinear

BZ Brillouin zone

DFT Density functional theory

EF Electric Field

Eq. Equation

FM Ferromagnetic

GGA Generalized gradient approximation

GrNRs Graphene nanoribbons

HK Hohenberg-Kohn

IBZ Irreducible Brillouin zone

KS Kohn-Sham

LDOS Local density of states

LC Linear chain

LDA Local density approximation

NC Noncollinear

NW Nanowire

NN Nearest neighbor

MAE Magnetic anisotropy energy

PNC Periodic noncollinear
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Ref. Reference

RL Ladder

SDW Spin-density wave

STM Scanning tunneling microscope

STS Scanning tunneling spectroscopy

SOC Spin-orbit coupling

TM Transition-metal

VASP Vienna ab-initio simulation package

XC Exchange-correlation

XMCD X-ray magnetic circular dichroism

ZZ Zig-zag

Physical constants

µB Bohr magneton

kB Boltmann constant

e Electron charge

~ Reduced Planck constant

Symbols

~R Atomic position

~E Electric field

Jij Exchange interaction

εF Fermi energy

a Interatomic distance

~µ Magnetic moment

Na Number of atoms

~q Spin-wave vector

σ Spin index

ê Unit vector
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