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Abstract

On the basis of the FLAPW method we developed and applied a self-consistent
full-potential non-collinear vector spin-density ab-initio program for bulk, surfaces
and thin films. In order to be able to deal with arbitrary magnetic configurations,
which are not necessarily the magnetic ground state or a stationary state of the system
under consideration, we implemented the constrained local moment method. On the
basis of a generalization of the Bloch theorem for spiral magnetic states we have
extended the vector spin-density FLAPW method to also allow commensurate and
incommensurate spin-spiral calculations. We give an account of the implementation
and discuss the importance of the approximations that are used.

We have applied this method to the problem of geometric frustration of the
two-dimensional antiferromagnet on a triangular lattice. We have performed self-
consistent calculations for the 3d transition metal monolayers V, Cr, Mn and Fe on
the (111) oriented surfaces of Cu and Ag. We investigated the magnetism, the in-
terlayer relaxation, and the energetics of a nearly complete set of magnetic states
and found an amagzing variety of different magnetic ground states: ferromagnetic
for Fe/Cu(111) and Fe/Ag(111); row-wise antiferromagnetic for Mn/Ag(111); the
120° Néel state for V/Ag(111), Cr/Cu(111) and Cr/Ag(111); and the so-called 3Q
state, a complex three-dimensional non-collinear state, shown on the next page, for
Mn/Cu(111). By comparing the self-consistent calculations to the Heisenberg model,
we show that higher order spin-interactions, like the biquadratic of the 4-spin inter-
action, play an important role for the itinerant 3d metals. In fact, it is the 4-spin
interaction that leads to the stabilization of the 3Q state in the case of Mn/Cu(111).
From these results we conclude that any realistic description of two-dimensional itin-
erant antiferromagnets on a triangular lattice requires exchange interactions not only
beyond the nearest neighbors but also exchange interactions beyond the Heisenberg
model.

The localized 4 f states of Gd represent a challenge for first-principle theory. By
comparing different methods to treat the 4f-states, we show that the large unphysical
density of states at the Fermi energy due to the minority 4f electrons are the origin
of the incorrect prediction of the antiferromagnetic ground state for hcp Gd by many
LDA and GGA calculations. Methods that remove these states from the region close
to the Fermi energy, lead to the prediction of the correct ferromagnetic ground state
and allow the calculation of ground state properties like the magnetic moment and
the equilibrium lattice constant in good agreement with experiment. After almost a
decade of intense research, the temperature dependence of the spin-splitting of the d,»
surface state of Gd is very controversial. To model the temperature dependence of the
electronic structure of the Gd(0001) surface, we performed non-collinear spin-spiral
calculations. We calculated the local density of states, which is probed by scanning
tunneling spectroscopy (STS) experiments, as function of the spin-spiral g-vector. In
the ferromagnetic configuration we found two pronounced peaks in the local density
of states in the vacuum, which originate from the spin-split d,» surface state of Gd.
With increasing ¢-vector, corresponding to increasing temperature, the splitting of



the two peaks decreases and finally vanishes. However, in all magnetic configurations
we found a finite valence magnetic moment, Hence, the vanishing spitting cannot be
taken as support for the applicability of a pure Stoner model.






This complex three-dimensional non-collinear magnetic state, the so-
called 3Q-state, a particular superposition of three spin-waves, is the
magnetic ground state of a two-dimensional manganese monolayer with
chemically identical manganese atoms on a (111) oriented copper sub-
strate.
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Chapter 1

Introduction

The recent years have witnessed a renaissance in the field of magnetism. Magnetism,
in particular surface and interface magnetism, magnetism of layered structures and
ultrathin films, has become one of the most active and rapidly growing areas in solid
state physics. The increasing interest in magnetism and new magnetic materials is
driven by the discovery of new quantum effects like interlayer exchange coupling, the
giant magnetoresistance (GMR) and tunnel magnetoresistance (TMR). These new
effects have undergone an extremely rapid transition from discovery to commercial-
ization, a success story comparable that of the transistor effect, which was discovered
in 1947 in the Bell Laboratories, and became the starting point for the development
of the modern solid state electronics industry. Only six years after the discovery of
the GMR [GSP*86] effect the first commercial magnetic sensor devices that were
based on the effect became available. Another three years later the application in
read heads of computer hard drives by IBM represented the commercial breakthrough
of GMR technology in a billion dollar market. An even larger industrial impact is ex-
pected from the development of magnetic random access memory (MRAM), which is
currently being developed with enormous effort. MRAM has several advantages over
conventional semiconductor based RAM, the most important being that it is non-
volatile, i.e. no permanent supply of power is needed to retain the stored information,
which makes it ideal for mobile devices. It is the immense commercial potential of
devices based on both the TMR and the GMR effect, that made magnetoelectronics
become one of the most rapidly growing fields in solid state physics.

These enormous technological advances have only become possible after the devel-
opment of new scientific tools that allow the preparation and characterization of new
“artificial” magnetic materials, like layered systems and ultrathin films which, under
normal conditions do not exist in nature. The preparation of such specimen has be-
come feasible with state of the art epitaxy in combination with sophisticated vacuum
technology. With molecular beam epitaxy (MBE), for example, layered structures
and thin films can be grown in a precise and controlled way on an atomic scale. Sput-
ter techniques have been exploited to compromise on the speed of the preparation,
the cost and the quality of the sample to show the same effects in less well charac-
terized samples. The simultaneous development techniques like photoemission (PE),
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low energy electron diffraction (LEED) and Helium scattering allowed us to monitor
the growth and to characterize materials chemically, structurally and electronically.
With new techniques like photoelectron emission microscopy (PEEM) the magnetic
properties can be investigated at the surface and at interfaces. This technique is
element specific and allows not only the mapping of ferromagnetic, but also the anti-
ferromagnetic domain structure with resolution of up to 20 nm. With the invention
of the scanning tunneling microscope by Binnig and Rohrer [BR82| in 1982, who
where awarded the Nobel Prize in 1986, a new tool has become available that, for the
first time, allows the imaging of surfaces in real space with atomic resolution. Very
recently it has been shown [HBK*00] that, with a magnetic STM tip, it is possible
to resolve the magnetic structure of an antiferromagnetic surface on the atomic scale.
The spin-polarized STM (SP-STM) can distinguish single atoms with a different spin
orientation. The magnetic super-cell of a surface with chemically equivalent atoms
can be observed directly.

In addition to the experimental progress, theory has made an important contri-
bution to the understanding of the properties of the new materials. State of the art
ab-initio methods have become powerful tools that, on one hand, help us to under-
stand and interpret experimental results, and on the other hand, explore new mate-
rials and predict their properties prior to performing experiments. Their application
to a sequence of different materials or elements of the periodic table can establish
chemical trends, thus enabling the development of the ideal material for a particular
purpose, without the need for a large number of experiments. The prerequisite condi-
tion for the predictive power of ab-initio methods is the fact that they are parameter
free. Hence, no additional external information is needed except the charge of the
nuclei. The basis of ab-initio calculations is the density functional theory (DFT) by
Hohenberg and Kohn [HK64] and Kohn and Sham [KS65], which states, that the
ground state properties of a many electron system are completely determined by the
electronic (charge) density and that the quantum mechanical many particle problem,
which cannot be solved for large systems, can be replaced by a much simpler effective
single particle problem. Due to the enormous progress of the numerical methods that
are applied when solving the single particle (Kohn-Sham) equations, and due to the
availability of powerful supercomputers and modern workstations, it has become pos-
sible to apply ab-initio methods to larger complex systems with reduced symmetry
like surfaces, large molecules and even clusters deposited on a surface or step edges.
The large success of the density functional theory was acknowledged with the Nobel
Prize for Walter Kohn in 1998.

Among the different numerical methods used to solve the Kohn-Sham equations,
the full-potential linearized augmented planewave method (FLAPW) is one of the
most accurate. It is an all-electron method that does not rely on any shape approx-
imations to the potential or the charge density and is therefore well suited to open
structures with low symmetry, such as surfaces and thin films. Due to its elaborate
expansion of the wave functions, including radial functions in spheres around the
atomic nuclei, the FLAPW method can be applied to systems with localized states



like the 3d or 4f electrons. The FLEUR code, the FLAPW program that has been
used throughout this thesis, is both a bulk and film program. Used as a film code
the surfaces are not modeled by a super-cell, but rather by a finite slab. This means
that in this case the program is truly two-dimensional. The vacuum is treated semi-
infinitely. This, together with the specially adopted expansion of the wave functions
in the vacuum region, allows a very accurate description of the wave functions in
that region, which is a major advantage, in particular for the simulation of STM
experiments. With its high accuracy the FLAPW method is ideal for total energy
calculations. Thus, it is optimally suited for the determination of the magnetic, and
in combination with the calculation of forces exerted on the atoms, the structural
ground state of complex systems.

When we hear the word magnetism, most of us will think of ferromagnetic ma-
terials which have the local magnetic moments of all atoms aligned in parallel or, at
least have domains of thousands or tens of thousands of atoms with their moments
aligned parallel. Some might also think of antiferromagnetism like in bcc Cr, where
the local moments are aligned anti-parallel. However, magnetic structures can be
more complex than just parallel or anti-parallel. In the most general case the local
moments of the single atoms in a solid can point in arbitrary directions. Such com-
plex magnetic states are called non-collinear. One possible reason for the formation
of non-collinear magnetic states is frustration, i.e. the inability to satisfy the compet-
ing magnetic interactions in a magnetic material. A classical example of magnetic
frustration are step edges at the interface between ferromagnetic and antiferromag-
netic materials. Such interfaces are the origin of the exchange bias effect, which is
a technologically important effect in the magnetic recording industry and magne-
toelectronics. In fact, non-collinear (perpendicular) coupling has been observed in
exchange bias systems. Very recently a first-principle study [TNJ*00] investigated
the possibility of non-collinear coupling in layered magnetic systems. The authors
showed that by a sophisticated choice of materials that leads to perpendicular cou-
pling between the magnetic layers, the sensitivity of GMR sensors can be improved.
Other examples of frustration are small antiferromagnetic clusters in the gas phase,
deposited on a surface or the tip of an STM. In particular, in situations with little
symmetry or for systems in low dimensions magnetic frustration becomes more likely.
With decreasing size of the structures of magnetoelectronic devices or in the context
of nano-magnetism, magnetic clusters and molecules the effects of non-collinearity
will become more important and the need for a quantum-mechanical first-principles
description of non-collinear magnetism will grow. But frustration can also occur in
a highly symmetric environment. In fcc iron, for example, it is the competition be-
tween ferromagnetic and antiferromagnetic interactions of the different nearest neigh-
bor shells that causes the frustration and leads to the famous spiral magnetic ground
state. Also domain walls between the domains of a ferromagnetic material repre-
sent a magnetic frustration, where the material tries to rotate the moment relatively
slowly from the direction of one domain to another at the lowest energetical expense.
But systems that possess a non-collinear ground state are not the only motivation
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to study non-collinear magnetism. Magnetic excitations, magnons, also represent a
non-collinear configuration. Hence, non-collinear ab-initio methods can be used to
calculate, for example, magnon dispersion curves, and thus the effect of temperature
in magnetic materials.

By far the majority of the ab-initio programs available today are restricted to
collinear magnetic structures, although already in their original publication on spin-
polarized DFT von Barth and Hedin [vBHT72] treated the magnetization as a vector
field without any limitation to its direction. However, the restriction to collinear
magnetism leads to a Hamiltonian that is diagonal in the two spin directions. This
does not only save a large amount of computer time, but it also greatly simplifies the
implementation of magnetism into a non-spin-polarized program, because the spin-up
and spin-down problem can be treated independently, almost like two non-magnetic
calculations. The aim of the present work was to develop and apply a non-collinear
ab-initio method on the basis of the FLAPW method.

The first self-consistent non-collinear ab-initio calculations for periodic solids, e.g.
[SG86, KHSW88a, MLSGI1], applied the so-called atomic sphere approximation for
the magnetization direction, i.e. the magnetization direction is held fixed (collinear)
within each Wigner-Seitz sphere. Only inter-atomic non-collinearity between the
magnetic moments of different atomic sites was allowed in these calculations. The
neglect of intra-atomic non-collinearity, i.e. the change of the magnetization direc-
tion within one Wigner-Seitz sphere, can lead to problems. This occurs, for ex-
ample, for systems where relativistic effects are very important the interplay of the
local exchange and spin-orbit coupling can result in intra-atomic non-collinearity.
Very recently several groups [NS96, OPC98, BK98, IA99, HKHO00| developed fully
unconstrained non-collinear ab-initio programs, that treat the magnetization as a
continuous vector field. We adopted a “hybrid” approach, treating the magnetiza-
tion density as a continuous vector field everywhere, except within non-overlapping
spheres around each atomic site. For transition metals the non-collinearity in these
spheres is expected to be small, and we show that this is a very good approximation
for these systems.

An arbitrary magnetic configuration is in general not a stationary state of the
magnetic system. Requiring that the magnetic moments assemble a prescribed con-
figuration means to constrain the phase space of possible solutions. Within the frame-
work of DFT such a constraint is taken into account by a Lagrange parameter. The
Lagrange parameter represents a “constraining force” or magnetic field applied to the
magnetic moments of the atoms to keep the system in the desired magnetic configu-
ration, i.e. to make that configuration stationary. We have implemented for the first
time the constrained local moment method in a “full-potential” program that works
with the vector magnetization density. We will show in chapter 5 and 6 that this
implementation allows us to test the functional form of the energy and magnetization
with respect to external parameters, i.e. the angles of the local atomic magnetic mo-
ments, and compare the results with model Hamiltonians. We demonstrate that this
approach is very powerful, as deviations from the anticipated forms lead to important



and far-reaching conclusions.

An important class of non-collinear configurations are spiral magnetic states or
spin-spirals. These are configurations, where the local moment is rotated by a con-
stant angle from atom to atom along a certain direction through the crystal. Spin-
spiral states occur as ground states in nature, e.g. in fcc Fe and in rare earth metals.
Spin-spirals can also be understood as a model for magnons or domain walls. When
spin-orbit coupling is neglected, a generalization of the Bloch theorem for spiral mag-
netic configurations can be derived. On the basis of this generalized Bloch theorem,
we have implemented a method that allows us to deal with spin-spiral states using
only the chemical unit cell of the crystal without the need for large super-cells. With
the implementation of non-collinear magnetism, spin-spirals and the constrained local
moment method, into a bulk and film FLAPW program, we have developed a unique
tool to investigate non-collinearity in bulk and in particular at magnetic surfaces, in
thin films and low dimensional magnets in general.

Compared with non-magnetic or collinear magnetic calculations the computa-
tional effort of non-collinear calculations is enormous. Since the spin-up and spin-
down problem cannot be solved separately anymore the size of the Hamiltonian matrix
that has to be diagonalized doubles. In addition, the matrix becomes complex hermi-
tian, rather than real symmetric. In most cases the non-collinear magnetic structures
have a lower symmetry and often have also a larger unit cell than, for example, the
ferromagnetic configuration. Therefore, non-collinear ab-initio calculations represent
a cutting edge problem in super-computing. Parallel to my project, the FLAPW
program was parallelized. Without this parallelized version of the program and the
access to massively parallel supercomputers most of the calculations presented in this
thesis would not have been possible.

The principles of non-collinear magnetism, the constrained local moment method
and spin-spiral calculations, including the generalization of the Bloch theorem, are de-
scribed in chapter 4. Before we start with the discussion of non-collinear magnetism,
we explain the basics of the density functional theory and the local spin-density ap-
proximation in chapter 2, and present a detailed review of the FLAPW method in
chapter 3, where we emphasize those aspects which are altered by the implementation
of non-collinear magnetism. A very detailed description of the actual implementation
is then given in chapter 5, which also includes tests of the constrained local moment
and the spin-spiral method.

As we have mentioned above spin frustration is one possible origin of non-collinear
magnetism. The classical example of a frustrated magnetic system is the topological
frustration of an antiferromagnet on the triangular lattice. Such a two-dimensional
magnetic system can be realized by a mono-atomic layer of an antiferromagnetic
material on a hexagonal surface of a non-magnetic substrate, e.g. the (111) surface
of an fcc noble metal. Such thin films, in particular transition metal films, have
attracted a lot of interest due to their special properties. Because of the filled d-
bands of the noble metals, the d-bands of the transition-metal monolayers hybridize
very little with the substrate. This leads to an enhancement of the magnetic moments
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in the overlayer. However, most work has been done on (100) oriented substrates,
where the atoms in the monolayer are arranged on a square lattice. Fe and Mn on the
Cu (100) surface belong to the most extensively investigated systems. Previous ab-
initio calculations [BWD88| show, that the early 3d-transition metals V, Cr and Mn
prefer a two-dimensional antiferromagnetic order on the (100) oriented substrates,
while monolayer films of Fe, Co and Ni are ferromagnetic. Little work has been done
on the (111) oriented substrates. So far, the antiferromagnetism on the triangular
lattice has almost exclusively been discussed within the Heisenberg model. However,
it is by no means clear how far the Heisenberg model can be applied to itinerant
magnets like the 3d-transition metals.

In chapter 6 we present an extensive study of the magnetism of V, Cr, Mn and
Fe monolayers on the Cu (111) and the Ag (111) surface. We cover a complete
set of relevant spin states, including non-collinear spin structures and, in particular,
incommensurate spin-spirals. In a detailed discussion of the Heisenberg model on the
triangular lattice we show that, in the nearest neighbor approximation, the ground
state of a Heisenberg antiferromagnet is the 120° Néel state, a coplanar non-collinear
magnetic configuration, where all magnetic moments lie in one plane and span 120°
angles. In fact, our ab-initio calculations show that this is the magnetic ground
state of Cr monolayers on Cu and Ag(111) substrates. When interactions beyond
the nearest neighbors are included other magnetic states, like spin-spiral states, can
become the ground state. The results of our calculations show that not only terms
that go beyond the nearest neighbor interaction, but also terms that go beyond the
Heisenberg model, like the biquadratic and 4-spin interaction, have to be included
to model the itinerant 3d-metals. In the case of a Mn monolayer on Cu (111) these
higher order terms lead to the stabilization of a very complex three-dimensional spin
structure, the so-called 3Q-state. A picture of this state is shown at the beginning
of this thesis. At the end of the chapter we discuss how these complex non-collinear
ground states can be identified with the spin-polarized STM.

The treatment of the localized 4f states of Gd represent a challenge for first-
principle theory. There has been an ongoing discussion for a long time about how
these states are best treated in ab-initio calculations. Including them into the valence
region in an LDA calculation leads to the prediction of the wrong antiferromagnetic
ground state for hcp Gd. We have performed calculations for hcp Gd that compare
different methods of dealing with the 4f states. The results show that the minority
4 f bands, that lie too close to the Fermi energy in an LDA calculation, are the origin
of the antiferromagnetic coupling in such calculations.

On the basis of the knowledge gained from the Gd bulk calculations we investi-
gated the electronic structure of the Gd(0001) surface. The temperature dependence
of the electronic structure of the Gd(0001) surface has been a matter of extensive
debate. In particular, the change of the binding energy of both, the majority and
minority part of the d,» surface state, with temperature has been discussed contro-
versially in the literature. Some experimental studies found a collapse of the spin-
splitting of the surface state at a temperature of 350 K, which is taken as support



for the applicability of the Stoner picture for the Gd surface, while others observed a
finite splitting of 400 meV at the same temperature. To reveal trends in the temper-
ature variation of the conduction electron states of the Gd(0001) surface we studied
non-collinear spin-spiral magnetic configurations. Such spin-spiral configurations can
be interpreted as a model for magnetic excitations. Therefore, they are frequently
referred to as “frozen magnons”. To allow a comparison with scanning tunneling
spectroscopy experiments we calculated the local density of states in the vacuum,
which is measured by such experiments, as a function of the strength of the magnetic
fluctuations. Our results nicely resemble the trends found in temperature dependent
scanning tunneling spectroscopy experiments. However, a direct comparison of the
theoretical results with an experiment at a certain temperature is difficult. With
the strength of the fluctuations the character of the surface states change drastically
due to hybridization with other states, also with states that originally had a different
spin-character in the ferromagnetic configuration. Finally only a single peak in the
vacuum local density of states is present. In that configuration the valence magnetic
moment is still as large as 0.4 up at the surface. Hence, the decreasing and finally
vanishing spitting of the peak of the density of states due to the surface state can-
not be taken as support for the applicability of the Stoner model in the sense of a
vanishing valence magnetic moment.



1. Introduction




Chapter 2

The Density Functional Theory

In order to establish a deep understanding of the physical properties of solids, it
is of major importance to develop a valid quantum-mechanical description of these
systems. However, the atom nuclei and the electrons constitute a complex many-
body problem. A simplification of this problem can be achieved employing the Born-
Oppenheimer-approximation, within which the atomic nuclei are considered point
charges at fixed positions. Thus, all quantum effects of the nuclei are neglected. This
approximation, which is made in the vast majority of first-principle calculations, leads
to the following Schrédinger equation.

N h2 ) N 2
HY = V + (rl,...,rN)
2 Sy ZZ\ =
i£j
= EY(ry,...,ry) (2.1)

However, due to the large dimension of ¥ and the requirement of antisymmetry,
which means that ¥ has to be expanded into a sum of Slater determinants, rather
than simple product-functions, this equation can be solved only for tiny systems,
including few electrons. In order to deal with realistic materials, relevant in solid
state physics, further approximations have to be made.

A breakthrough in the parameter-free ab-initio description of complex electronic
systems has been achieved with the development of the density functional theory by
Hohenberg and Kohn [HK64] and Kohn and Sham [KS65].

2.1 The Theorem of Hohenberg and Kohn

The all-electron wavefunction contains all information available about an electronic
system. However, not the whole information is needed to determine the ground state
properties of a physical system. The measurable quantities are given by expectation
values of the quantum-mechanical operators corresponding to the observable under
consideration. The central idea of the density functional theory [JG89] is to replace

9
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the complex many particle wavefunction by a far simpler quantity, the electron den-
sity, given by
N
n(r) = (¥ > o(r —r;)|¥). (2.2)
i=1
Hohenberg and Kohn were able to show for systems with a non-degenerate ground
state, that:

e For a given external Potential V,,;, the ground state energy and all other ground
state properties of the system are unique functionals of the electron density n(r).

e The energy functional is variational, i.e. the ground state density ng(r) mini-
mizes the energy functional E[n], under the subsidiary condition that the num-
ber of electrons is kept constant.

E[n] > E[ng| = E, for all n(r) # ne(r) (2.3)

The density functional formalism can be extended to degenerate ground states
[Koh85, DG90]. The second part of the theorem implies, that the ground state
density can be obtained from the minimization of the energy functional.

SE[n] =0 (2.4)

Levy [LevT79] provided a simpler and more general derivation of the above theorems,
defining the energy functional by

Eln] = min (V|H[T). (2.5)

¥ n[¥]=n

However, no explicit representation of F[n| has been derived so far.

2.2 The Kohn-Sham Equations

An important step on the way to finding an applicable approximation of the energy
functional is the idea of Kohn and Sham [KS65]. The central concept of their theory
is to split the energy functional into tree contributions.

E[n] = Ty[n] + U[n] + Eqc[n] (2.6)

Where T is the kinetic energy of non-interacting electrons. The Coulomb energy
U consists of the interaction of the electrons with the external potential, which is
usually due to the atomic nuclei, and the electron-electron interaction in Hartree
approximation.

S
S,
|

Eewln] + Exln]
Bowln] = / Vios (r)1(x)d%r (2.7)

e’ [ n(r)n(r')
2 r — 1|
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Equation 2.6 can be regarded as a definition of the exchange correlation functional
E..[n], which contains all remaining contributions to E|n|, i.e. the exchange and
correlation energy and correction to the kinetic energy due to the electron-electron
interaction. The importance of this representation of E[n| has two reasons. The
kinetic energy of the non-interacting electrons 7T, which is a significant contribution
to the total energy, can be calculated exactly. By that, many deficiencies due to
inaccurate treatment of the kinetic energy by the Thomas-Fermi method are removed.
In addition approximations to E,.[n| can be found, that lead to excellent results for
the ground state properties calculated for a wide variety of systems.

An explicit formula for T;[n| can be obtained using a special ansatz for the electron
density. The density can be written as a sum of single particle wavefunctions, as in
the case of non-interacting electrons.

n(r) = 2 Zl i) (2.8)

Where, where the sum is over the occupied states and the factor “2” accounts for the
spin degeneracy. With this ansatz the kinetic energy can be written as:

Tin) = —2 3 [ 4705 Vuula)dbr (2.9)

Instead of minimizing the energy functional with respect to the electron density,
it can also be minimized with respect to the wavefunctions ; (or their complex
conjugates). In this case the subsidiary condition of particle conservation is replaced
by the requirement of normalized wavefunctions.

/ s (x)[2dr = 1 (2.10)

This requirement is taken into account by Lagrange parameters ¢;. Applying the
variational principle yields the Kohn-Sham equations.

(= V7 Vegs (0)}(r) = eti(e) (2.11)
with
Vrs(5) = Veau(r) + Vi) + Vaelr) (2.12)

These equations have the form of a single particle Schrodinger equations. However,
the potential has been replaced by an effective potential consisting of three contribu-
tions: The external potential V,,;, the Hartree potential

Vi (r) = 4me? n(r) dr (2.13)

v
and the exchange correlation potential

_ 0Eg[n(r)]

Vaelt) = =52 (2.14)
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Since Vy and V. depend on the electron density, this formalism constitutes a self-
consistency problem.

Even though the Kohn-Sham equations have the form of a single-electron Schré-
dinger equation, the formalism does not provide any justification to interpret the
Lagrange parameters ¢; as excitation energies, nor to regard the wavefunctions as
physical electron wavefunctions. Nevertheless, experience shows, that doing so with-
out formal justification can be meaningful, and helps to understand the properties of
the system under consideration.

2.3 Spin Density Functional Theory

In order to describe magnetic effects the density functional theory has to be extended
to the case of spin polarized electrons. This is important for systems that posses
non-zero ground state magnetization, which is the case for most atoms, magnetic
solids and surfaces and electronic systems exposed to an external magnetic field. The
necessary extension to the Hohenberg-Kohn theory can be formulated replacing the
electron density by the electron density plus the magnetization density as fundamental
variables. In this case, the variational principle becomes

E[n(r), m(r)] > E[no(r), mo(r)]. (2.15)
An alternative, but completely equivalent, formulation can be obtained using a four
component density matrix p,s instead of n(r) and m(r) [vBH72, Kiib95]. In or-
der to gain a generalized form of the Kohn-Sham equations, it is necessary at least

to introduce two component Pauli wavefunctions, that reproduce the electron and
magnetization density.

v = (0) (2.16)

m(r) = > ¥;(r)oe;(r) (2.17)

Applying the variational principle again yields the Kohn-Sham equations, which now
have the form of Schrédinger-Pauli equations.

{—;—mv2 + Vess(r) + o - Beff(r)} P,(r) = e2h;(r) (2.18)

The additional effective magnetic field consists of two terms. One of them is due to
the variation of the exchange correlation energy with respect to the magnetization
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density. The second term is the external B-field, if present.

Bess(r) = Bge(r) + Bew(r)

Bur) = Pl

(2.19)

In many applications, like for example ferromagnetic and antiferromagnetic solids,
the magnetization is orientated along one particular direction. For these collinear
cases the problem can be simplified further. The z-axis can be chosen along the
direction of the magnetic field. Therefore, the Hamiltonian of equation 2.18 becomes
diagonal in the two spin components of the wavefunction, i.e. the spin-up and -
down problems become completely decoupled and can be solved independently. The
energy and all other physical observables become functionals of the electron density
and the magnitude of the magnetization density m(r) = |m(r)| rather than m(r), or,
equivalently, of the spin-up and spin-down electron densities n+(r) and n;r) which
are given by

na(r) = Zl |¢ia(r)| (220)

The vast majority of the spin-polarized density functional calculations have been
performed using this formalism.

2.4 The Local Spin Density Approximation

So far, no approximations have been made. The density functional formalism, out-
lined in the previous sections, could in principle reproduce all ground state properties
of any complex many-electron system exactly, if the exchange correlation energy F,,.
was known. Unfortunately, no explicit representation of this functional, that con-
tains all many-body effects, has been found yet. Thus, approximations to F,. have
to be used. The most widely used and very successful approximation is the local
spin density approximation (LSDA). The underlying idea is very simple. At each
point of space F,. is approximated locally by the exchange correlation energy of a
homogeneous electron gas with the same electron and magnetization density. Hence,
the approximate functional E,. is of the form

Ege[n(r), lm(r)|] = / n(r)ege(n(r), [m(r)|)d*r (2.21)

It is important to note, that €, is not a functional, but a function of n(r) and |m(r)|
at a particular point of space. As a consequence of its local definition €, and thus F,.
depend only of the magnitude of the magnetization. This, in terms, leads to the fact
that B,.(r) and m(r) do always have the same direction. Therefore, the exchange
correlation potential and magnetic field derived from 2.21 become

§ege(n(r), m(r)|)
on(r)

Vae(r) = ene(n(r), jm(r)]) + n(r)
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B,.(r) = n(r) 56zc(z|(2zl;“‘(r)|)m(r). (2.22)

Using the LSDA the Kohn-Sham equations take exactly the same form as the Hartree
equations, and they are no more difficult to solve. In particular, they are far easier
to deal with than the Hartree-Fock equations because of the local effective potential.
Intuitively one should expect, that the LSDA is valid only for slowly varying densities.
Nevertheless, it has been applied successfully to inhomogeneous systems.

Explicit parameterizations of ¢,. can be obtained for example from Hartree-Fock
calculations for the homogeneous electron gas. Of course, such calculations do only
take into account the exchange effects, but neglect correlation. Modern parameteri-
zations of ¢,. are based on quantum-mechanical many-body calculations. Most com-
monly used are the parameterizations of v. Barth and Hedin [vBH72] and Moruzzi,
Janak and Williams [MJW78], which have been obtained applying the random phase
approximation (RPA), the parameterization of Vosko, Wilk and Nusair [VWN80],
that is based on Quantum-Monte-Carlo simulations by Ceperley and Alder [CA80],
and goes beyond the RPA, and the parameterization of Perdew and Zunger [PZ81],
which is, in a certain sense, a mixture of the previous two. The results of the present
work have been obtained using the parameterization of Moruzzi, Janak and Williams.

2.5 Determination of the Total Energy

If the total energy of a system is needed, for example in order to calculate the equi-
librium lattice constant of a crystal, the Coulomb interaction of the atomic nuclei
has to be taken into account. This extra contribution E;; (ion-ion) has to be added
to the electronic energy, given by 2.6.

M VAYAS
E[n] = Ty[n] + Uln] + Eg[n] + Ey, =’ Z Fr— (2.23)
=1
uul;éu

where p sums over all atoms of the crystal with the position 7#. In principle, this
formula could be used to calculate the total energy. However, for numerical reasons it
is desirable to avoid the explicit application of the operator V2. Therefore, the kinetic
energy is calculated from the sum of the single particle eigenvalues ¢;. Rewriting the
Schrédinger-Pauli equation 2.18 yields
h2
—5 -V Ui(r) = ethi(r) = Vers(r)hi(r) — o - Begs(r)hy(x) (2.24)

Multiplying from the left with [ d3r 4} (r, o) and summing over the occupied states
gives the kinetic energy.

T,[n] = Zez / Wors(£)dPr — / m(r) - By (r)dr (2.25)
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Using (2.7), (2.21) and assuming that the external potential is given by the atomic
nuclei and that no external magnetic field is present,

2 < Z*
Veat(r) = —4me? Y~ ) Bey(r) =0 (2.26)
p=1

the total energy becomes

E[n,m] = Zez / Vers(r r—/m(r) B,.(r)d®

- / d3r+47re - / ”(r)n(r L
s |r - r —r'|
zrzv
—+ /n(r)ewc(n(r), \m(r)‘)d?’r + 47T€ HMZI_I m (227)
pu#Ey
Using 2.7 and 2.22 this can be simplified further.
E[n,m] = Ze, / Vae(r)d?r — /m e(r)dPr
ez_/ )d37°d3r’
2/ |r— r’|
3 2 - z+z"
+ /n(r)(‘:mc(n(r), |m(r)|)d r +4me le m (228)
=
pt !

Equation (2.28) holds exactly for the selfconsistent electron and magnetization den-
sity. During the iterations on the way to selfconsistency this result represents only
an approximation to the total energy. Another difficulty arises, because the Hartree
energy and the contribution from the Coulomb interaction of the nuclei are diver-
gent. Weinert, Wimmer and Freeman [WWF82| showed how these singularities can
be canceled analytically.

2.6 The Stoner Model of Itinerant Magnetism

Although all results of the present work have been obtained from ab-initio calcula-
tions, a brief discussion of the Stoner Model will be given in this section. This model
provides a framework within which to interpret the results of the calculations. It is
very important to keep these simple models in mind, in order to build ones physical
intuition. Comparing ones “intuitive” expectations with the outcome of the calcula-
tions is certainly the most important step on the way to understanding the physics
of a system. The magnetism of solid is determined by the interplay of the gain of ex-
change energy due to the formation of a local moment and the increase of the kinetic
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energy, if not all k-states are double occupied within the Fermi sphere. This effect
can most easily be illustrated within the Stoner model for ferromagnets.

The magnetization density m(r) = |m(r)| of solids is usually small compared to
the electron density n(r). Expanding the exchange correlation energy €,.(n(r), m(r))
into a Taylor series in terms of the parameter £ = 7 yields

€ze(n, &) = €4e(n, 0) + %egc(n, 0)€2 +... (2.29)

Thus, the magnetic field B, becomes

1
B, = ﬁegc(n, 0)m. (2.30)
In the case of ferromagnetism B, acts as an extra potential term VM, that adds to the
non-magnetic exchange correlation potential V2. This term, which is proportional
to m, has the same magnitude for both spin-directions, but it is attractive for the
majority-spin (4) and repulsive for the minority-spin(—).

Vie(r) = Vi (r) F Ve(r)m(x) (2.31)

Within the Stoner theory this rising and lowering of the potential is expressed by a
constant.

1

Where M is the total magnetic moment per atom, and [ is the exchange integral
(Stoner parameter). Because of this constant shift the spatial shape of the potential
remains the same as in the non-magnetic case. Consequently, the solutions of the
Kohn-Sham equations also remain unchanged, only the single particle energies ¢; are
shifted by the same amount as the potential.

Y =), @ =dF I (2.33)

Hence, the whole band structure is spin-split, but the shape of the bands remains
unchanged. As a result, the local densities of states projected on an atom for the
spin-directions +,n* (¢), are also shifted by +2IM.

nE(e) = n(e + %IM) (2.34)

From this property of the density of states a criterion for the existence of ferromag-

netism can be derived. Integrating the density of states up to the Fermi energy Er
yields the number of electrons NV and the total magnetic moment per atom M.

1 1
_ 0 - 0 =
N = /5<EF [n (e+ ZIM) +n’(c 2IM)] de

M = / i [no(e + %IM) — e — %IM)] de (2.35)
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These two equations determine the unknown Fermi energy and magnetic moment.
Requiring charge neutrality the first equation can be used to obtain the Fermi energy
as a function of the magnetization Er = Er(M). Substituting this into the second
equation leads to a selfconsistency problem for M.

M=FM), F(M)= /KEF(M) [no(e + %IM) — (e — %IM) de  (2.36)

The function F(M) has the following properties.
o F(0)=0
o F(M)=—-F(—M)
o F(+oo) = +tMy
e F/(M)>0

Where M, is the largest possible magnetization, reached when only majority-spin
states are occupied. The graphic solution of 2.36 is illustrated in Fig. 2.1. Two

Figure 2.1: Graphic solution of the Stoner model

functions F(M), consistent with the above properties, are plotted. In case A only
the trivial non-magnetic solution M = 0 is present, whereas in case B three solutions
exist, two of which have non-zero magnetization. From the properties of F(M)
follows, that 2.36 always has solutions with non-zero magnetization, if the slope of
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F(M) at M = 0 is larger than 1. From 2.36 follows that the slope of F(M) is given
by
F'(0) = In°(EF). (2.37)

This finally is the Stoner criterion for ferromagnetism:
In’(Erp) > 1. (2.38)

A big exchange integral and a large non-magnetic density of states at the Fermi
energy favors ferromagnetism. This result is not surprising, because a large n’(Er)
means, that only a small increase in kinetic energy has to be accepted to obtain a
large magnetization, and thus a large gain of exchange energy. In the most simple
approximation the size of the density of states is proportional to the inverse of the
bandwidth W. Thus, the smaller the bandwidth is, the larger the tendency towards
magnetism becomes. The limiting case of zero bandwidth are atoms. Here the
Stoner criterion is always satisfied, and the magnetic moments are determined by
Hund’s rule, with the exception of the Lanthanides and the Actinides. The only bulk
materials that fulfill the Stoner criterion are Fe, Co and Ni. However, due to the
reduced coordination, the bandwidth at surfaces is smaller than in bulk materials.
Thus, from the Stoner model one should expect an enhancement of magnetism at
surfaces and even new magnetic materials, which are non-magnetic in their bulk
crystalline phase, but become magnetic at the surface.



Chapter 3

The FLAPW Method

3.1 The FLAPW Method

There are many possible ways to solve the Kohn-Sham equations. One very common
method is to use some kind of basis set to represent the wavefunctions. A very
suitable choice that is already suggested by Bloch’s theorem are plane waves. They
have a lot of advantages: They are orthogonal, they are diagonal in momentum
and any power of momentum and the implementation of planewave based methods
is rather straightforward because of their simplicity. However, since the electron
wavefunctions are varying very quickly near the core, large wavevectors are needed
to represent the wavefunctions accurately. This makes planewaves very inefficient.
To overcome this problem one can employ pseudopotential techniques, which allow
an accurate description of the wavefunctions between the atoms, but avoid the fast
oscillations near the core. Thus, less basis functions are needed. Another way to solve
this problem is to use a basis set, which contains radial wavefunctions to describe the
oscillations near the core. This has already been suggested by Slater [Sla37]. The
corresponding technique is called the augmented planewave method (APW).

3.1.1 The APW Method and its Problems

Within the APW approach, space is divided into spheres centered at each atom site,
the so-called muffin-tins, and the remaining interstitial region (cf. fig. 3.1). Inside the
muffin-tins the potential is approximated to be spherically symmetric, and in many
implementations the interstitial potential is set constant. The restrictions to the
potential are commonly called shape-approximations. Noting that planewaves solve
the Schrodinger equation in a constant potential, while spherical harmonics times a
radial function are the solution in a spherical potential, suggests to expand the single

19
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Figure 3.1: The division of space in the APW method. The muffin-tin
spheres are surrounded by the interstitial region.

particle wavefunctions' ¢, (k,r) in terms of the following basis functions:

eHGFIr interstitial region
va(k,r) = 3 A (K)w(r)Yz(f) muffin-tin p (3.1)
Im

Where k is the Bloch vector, (2 is the cell volume, G is a reciprocal lattice vector, L
abbreviates the quantum numbers / and m and w; is the regular solution of the radial
Schrodinger equation

2mor: ' 2m  r?

{ B2 92 N R?1(1+1) LV (r) - El} ru(r) = 0 (3.2)

Here Ej is an energy parameter and V(r) is the spherical component of the potential.
The coefficients A’,{G (k) are determined from the requirement, that the wavefunctions
have to be continuous at the boundary of the muffin-tin spheres.

Hence, the APW’s form a set of continuous basis functions that cover all space.
Where each function consists of a planewave in the interstitial region plus a sum of
functions, which are solutions of the Schrodinger equation to a given set of angular
momentum quantum numbers /m and a given parameter Ej, inside the muffin-tin
spheres.

If the E; were kept fixed, used only as a parameter during the construction of the
basis, the hamiltonian could be set up in terms of this basis. This would lead to a
standard secular equation for the band energies. Unfortunately, it turns out, that the

1T will only discuss the application of FLAPW to systems that possess either 2- or 3-dimensional
translational symmetry, i.e. bulk crystals or thin crystal films.
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APW basis does not offer enough variational freedom if the F; are kept fixed. An
accurate description can only be achieved if they are set to the corresponding band
energies. However, requiring the E;’s to equal the band energies, the latter can no
longer be determined by a simple diagonalization of the Hamiltonian matrix. Since
the u;’s depend on the band energies, the solution of the secular equation becomes a
nonlinear problem, which is computationally much more demanding than a secular
problem.

Another disadvantage of the APW method is, that it is difficult to extend beyond
the spherically averaged muffin-tin potential approximation, because in the case of a
general potential the optimal choice of E; is no longer the band energy. And finally,
but less serious, if, for a given choice of Ej;, the radial functions w; vanish at the
muffin tin radius, the boundary conditions on the spheres cannot be satisfied, i.e. the
planewaves and the radial functions become decoupled. This is called the asymptote
problem. It can already cause numerical difficulties if v; becomes very small at the
sphere boundary.

Further information about the APW method can be found in the book by
Loucks [Lou67], which also reprints several early papers including Slater’s original
publication [Sla37].

3.1.2 The Concept of LAPW

The basic idea of the linearized augmented planewave method (LAPW) is to add extra
variational freedom to the basis inside the muffin-tins, so that it is not necessary to
set the E; equal to the band energy. This is done by using not only the radial solution
of the Schrodinger equation, but also its derivative with respect to the energy. This
construction, which was first suggested by Andersen [And75], can be regarded as a
linearization of the APW. To realize this recall that in the APW method the u;’s
depend on the band energies and can thus be understood as functions of r and e.
Hence, u; can be expanded into a Taylor-series around Ej.

w(e, ) = w(Ep, 1) + w(E,r)(e — Ey) + O[(e — E})?] (3.3)

Here 1; denotes the energy derivative of u;, Ou;(€, 7)/0¢, and O[(e— E;)?] denotes errors
that are quadratic in the energy difference. Ergo, the LAPW method introduces an
error of order (¢ — F;)? in the wavefunction. Therefore, according to the variational
principle the error in the calculated band energies is of the order (e — E;)*. Because
of this high order, the linearization works very well even over rather broad energy
regions. In most cases a single set of energy parameters is sufficient for the whole
valence band. However, sometimes the energy region has to be split up in two (very
rarely more) windows with separate sets of energy parameters.

But let’s turn to some important properties of the LAPW basis first, before dis-
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cussing its quality and accuracy. The LAPW basis functions are of the form

e Gtk interstitial region

pa(l,r) = S 446 (k) uy(r) Y5 (F) + BEC (k) n(r)Yy(F) muffin-tin p

(3.4)
with the extra term BXu,(r)Yy(#) compared to the APW method. The additional
coefficient is determined by requiring that not only the basis functions, but also their
derivatives with respect to r are continuous at the sphere boundaries. It is useful to
require the following normalization.

(uu) = /0 BT 2y = 1 (3.5)

Here Ryr is the muffin-tin radius. Taking the derivative of (3.5) with respect to the
energy it can easily be shown, that u; and ; are orthogonal. ; is calculated from a
Schrédinger-like equation, derived by taking the energy derivative of (3.2).

{ R 82 RAI(I+1)
___+_
2m

r2

2m Or2 +V(r) - El} rig(r) = ru(r) (3.6)

Still the solution of this equation has to be made orthogonal to u;, since any linear
combination of 7%; and u; also solves the equation. Once the u; and u; are made
orthogonal the basis functions inside the spheres form a completely orthogonal basis
set, since the angular functions Y, (f) are also orthogonal. However, the LAPW
functions are in general not orthogonal to the core states, which are treated separately
in the LAPW method. This fact can cause problems in the presence of high lying core
states. A detailed discussion of these problems and strategies to circumvent them can
be found in the book by Singh [Sin94], which includes a very comprehensive review
of many aspects of the LAPW method.

With the construction of the LAPW basis the main problems of the APW method
are solved:

e Since it is no longer necessary to set the energy parameters equal the band ener-
gies, the later can be determined by a single diagonalization of the Hamiltonian
matrix.

e The LAPW method can be extended to nonspherical muffin tin potentials with
little difficulty, because the basis offers enough variational freedom. This leads
then to the full-potential linearized augmented planewave method (FLAPW).

e If u; is zero at the sphere boundary, its radial derivative and 1; are in general
nonzero. Hence, the boundary conditions can always be satisfied and there is
no asymptote problem.

As a final remark it is worth mentioning, that the nonlinearity inherent to the APW
method can only be circumvented at the expense of a larger eigenvalue problem. To
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see this, recall that within LAPW (and also within APW) the basis functions are
represented by planewaves. The functions inside the muffin tins are coupled to the
planewaves via the boundary conditions, and can only varied indirectly by a variation
of the planewave coefficients. Clearly, with a finite number of planewaves, at maxi-
mum the same number of functions inside the spheres can be varied independently.
Hence, to make use of the of the extra variational freedom, that the LAPW basis set
allows compared to the APW basis, i.e. to vary the u;’s and the u;’s independently,
more planewaves have to be used.

3.1.3 The Concept of FLAPW

In the past the majority of applications of APW and LAPW? method employed shape-
approximations on the potential used in the Hamiltonian. Typically, the potential in
the unit cell V(r) is approximated by Vy(r),

VY = const. interstitial region

V(r) = { (3.7)

V() muffin-tin

using a constant potential in the interstitial region and a spherically symmetric po-
tential inside each sphere.

While the LAPW method yields accurate results for close-packed metal systems
the shape-approximation becomes difficult to justify for crystals with open structures
such as silizides, perovskides, surfaces or clusters.

In the full-potential LAPW method (FLAPW) [Ham79, WKWF81]| any shape-
approximations in the interstitial region and inside the muffin-tins are dropped. This
generalization is achieved by relaxing the constant interstitial potential V;* and the
spherical muffin-tin approximation V7 (r) due to the inclusion of a warped interstitial
> VGeG and the non-spherical terms inside the muffin-tin spheres:

> VS eiCr interstitial region

V(r) = (3.8)

G
> Vir(r)Yp(#) muffin-tin
L

This method became possible with the development of a technique for obtain-
ing the Coulomb potential for a general periodic charge density without shape-
approximations and with the inclusion of the Hamiltonian matrix elements due to
the warped interstitial and non-spherical terms of the potential. The charge density
is represented in the same way as the potential:

> pSeiCr interstitial region
G

> phr(r)Yi(#) muffin-tin (3.9)

p(r) =

2There are APW and LAPW methods available which include the warped interstitial potential
[KoeT2].
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Detail of the solution of the Poisson equation for an arbitrarily shaped periodic po-
tential are described in section 3.7.

3.1.4 The Generalized Eigenvalue Problem

After discussing the FLAPW basis it is necessary to say a few words about the
eigenvalue problem. The solution of the eigenvalue problem has to be carried out
separately for every Bloch vector. And, of cause, the basis set and the Hamiltonian
matrix have to be set up for each Bloch vector. However, I will not add the index k
to the basis functions and the Hamiltonian matrix.

There is one important fact that I have not mentioned so far. Even though plane-
waves form an orthogonal basis set, the FLAPW functions do not. The planewaves
in the interstitial-region are non-orthogonal, because the muffin-tin are cut out, i.e.
the integration,in terms of which orthogonality is defined, does not stretch over the
whole unit cell, but only over interstitial region. An additional contribution comes
from the muffin-tin. Even though the w;(r)Y; and 4;(r)Yz are mutually orthogonal,
in general each planewave couples to all functions in the spheres.

Due to the non-orthogonality of the basis functions the overlap matrix S, defined
by (3.10), is not a diagonal, but a hermitian matrix.

SE'G — /goa,(r)go(;(r)dP’r (3.10)

In (the more convenient) Dirac notation the eigenvalue problem has the following
form.

H|¢i> = ei‘(bi) (3-11)

Where |¢;) denotes the eigenfunction corresponding to the i" eigenvalue ¢;. Substi-
tuting the expansion of the eigenfunctions

9:) = Y ciclea) (3.12)
G

we obtain

Y cicH|pa) =& cclea) (3.13)
G G
Multiplying this from the left with (pq/| we find
Y ciclea | Hlve) = &) cial{ea |ve) (3.14)
G G
which can be written in matrix form

where the eigenvector c; is the coefficient vector corresponding to the it* eigenvalue.
(3.15) is called a generalized eigenvalue problem.
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However, this problem can be reduced to a standard eigenvalue problem using the
Cholesky decomposition. It can be shown (e.g. Stoer [Sto94]), that any hermitian
and positive definite matrix can be decomposed into a matrix product of a lower
triangular with only positive diagonal elements matrix and its transposed. Clearly,
the overlap matrix satisfies these conditions and can be written

S = LL (3.16)

Therefore (3.15) becomes
HCi = EiLLtTCi (317)

multiplying from the left with L~! and introducing a unit matrix we get

L_IH(L_I)"L"O" = EiLtTCi (318)
defining
P = L_lH(L_l)", x; = L'¢; (3.19)
we finally have
PXi = €X; (320)

Thus the generalized eigenvalue problem has been reduced to a simple eigenvalue
problem. The eigenvectors c; can be obtained by the back-transformation

c; = (L") 'x; (3.21)

3.1.5 Film Calculations within FLAPW

Nowadays the physics of surfaces is an field of major interest and investigation. How-
ever, surfaces are difficult to treat, because they break the translational symmetry,
i.e. there is only the 2-dimensional symmetry parallel to the surface left to be used to
reduce the problem, and a semi-infinite problem is left perpendicular to the surface.
In our approach surfaces are approximated by thin films, typically 10-15 atomic lay-
ers thick. Obviously, this approximation, which is called the thin-slab approximation,
can only yield good results if the interaction between the two surfaces of the film is
week enough, so that each of them shows the properties of the surfaces of an ideal
semi-infinite crystal.

In the case of film calculations space is divided into three distinct regions, the
muffin-tins, the interstitial and the vacuum region (cf. fig. 3.2). The interstitial
region now stretches from —D/2 to D/2 in z-direction, which is defined to be the
direction perpendicular to the film. The representation of the wavefunctions inside the
muffin-tin spheres remains exactly the same as in the bulk case. Since the periodicity
along the z-direction is lost, the unit cell extends principally from —oo to oo in z-
direction. Still the wavefunctions can be expanded in terms of planewaves. However,
the wavevectors perpendicular to the film are not defined in terms of D, but in terms
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Figure 3.2: The unit cell in film calculations.

of D, which is chosen larger than D to gain greater variational freedom. Therefore,
the planewaves have the form

pa,c, (k| r) = elGIrkn ¢ (3.22)
with 5
G = g" (3.23)

where G| and k|| are the 2-dimensional wave- and Bloch vectors, r|| is the parallel
component of r and GG, is the wavevector perpendicular to the film. The basis func-
tions in the vacuum region are constructed in the same spirit as the functions in the
muffin-tins. They consist of planewaves parallel to the film, and a z-dependent func-
tion ug, (kj, z), which solves the corresponding 1-dimensional Schrédinger equation
(3.24), plus its energy derivative ug, (k, 2).

B2 82 h? 2
—%@ =+ %(Z) - Evac + %(GH + k”) UG” (kH’ Z) =0 (324)
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Eyqc is the vacuum energy parameter and Vp(z) is the planar averaged part of the
vacuum potential. As in the case of % in the muffin-tins, the function ug, (kj, 2) is
calculated from a Schrédinger-like equation, which can be obtained by deriving (3.24)
with respect to the energy.
R® 6 R’ 5] .
{——7 + Vo(2) = Eyac + %(GII +ky) }"Gn(kll’ z) = ug, (k| 2) (3.25)

The resulting basis functions have the form
(ZleNe (kH’r) = {AG”GJ_ (kH)’U,G” (k”’ Z) + BG”GJ_ (k”)’iLG” (k”, Z)} ei(GII-FkII)l‘II (326)

The coefficients Ag ¢, (k) and Bg,c, (k)) are determined in exactly the same way
as it is done for the muffin-tins by requiring that the functions are continuous and
differentiable at the vacuum boundary. It should be mentioned, that the vacuum
basis functions offer less variational freedom than the basis set in the interstitial
region does. This can be seen by noting that there are only two functions, ug, and
U, times the corresponding planar planewave, to be matched to all planewaves of
the interstitial region with the same G . But there are generally far more than two
different G, ’s, i.e the number of basis functions in the vacuum region is significantly
smaller than in the interstitial region. However, this can be improved rather easily. In
equation 3.24 only one energy parameter E,,. is used. Instead one can used a whole
series of parameters E,, to cover an energy region. A possible choice of the energy
parameters could be Bl = ESL = Ey. — 12 G%, which leads correspondingly to G,
dependent basis functions ug,q, (k||,z). For more details see [NKD86]. In general,
however, the present approximations is accurate, the energy spectrum of the electrons
in the vacuum region is small due to the work-function.

Finally we would like to summarize the basis set used for thin film calculation

with the FLAPW method.

4 eZ(G”-I-k”)l‘” eiG-LZ Int.

{AGIIGJ- (k”)uG” (k”, Z)
QOGHGL (k“a I‘) = { +BG”GJ_ (k”)uG” (kH’ Z)} ei(G||+k||)l‘|| Vac. (327)

ZL: AL (1)u(r)Ye(F) + BLE (K)iu(r)Yi(F) MT p

\

This expansion has been suggested by H. Krakauer, M. Posternak and A.J. Free-
man [KPFT79.

3.2 Relativity in Valence Electron Calculations

Relativistic effects are important for the correct numerical description of core or va-
lence electrons. Both core and valence electrons have finite wavefunctions near the
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nucleus, where the kinetic energy is large. This kinetic energy enhancement becomes
more significant for heavier elements and compounds. Additionally, only relativistic
effects, in particular the spin-orbit-coupling, introduce a link between spatial and spin
coordinates. Thus, information about the orientation of spins relative to the lattice
can only be gained if relativity is taken into account. For fully relativistic descrip-
tion of the electronic structure all relativistic effects (mass-velocity, Darwin-term,
spin-orbit coupling) have to be taken into account [SDKW96]. However, in many
applications an approximation is used, where the spin-orbit interaction is neglected.
This approximation is called the scalar relativistic approximation.

3.2.1 The Kohn-Sham-Dirac Equation

In a relativistic density functional theory the Kohn-Sham equation has the form of a
single particle Dirac equation

{ca-p+(B—1)m+V/ (1)} & = E® (3.28)

(T () (L) (28) e

= ( 102 _012 ) (3.30)

Here, 0, o, 0, are the Pauli matrices and o is the vector of Pauli matrices, p is
the momentum operator, and I,, denotes an (n x n) unit matrix. Ve/f is the effec-
tive potential, that contains electron-nucleon Coulomb potential, Hartree potential
and exchange-correlation potential. In the case of non-zero spin-polarization, V¢/f
becomes spin-dependent. Finally, ¥ is the relativistic four component wavefunction.

The straightforward way to solve this problem would be to expand each of the
four components of ¥ in terms of the FLAPW basis. However, if all four components
were treated with the same accuracy, this would result in a basis set which contains
four times as many functions as in the non-relativistic (non-magnetic) case. Since
the numerical effort of the Hamiltonian diagonalization scales with the dimension of
the matrix to the power of three, this would increase the computing time needed for
the diagonalization by a factor of 64.

The FLAPW implementation we use introduces some approximations to make
relativistic calculations more efficient. One of these approximations is the scalar
relativistic approximations, which has been suggested by D.D. Koelling and B.N.
Harmon [KHT77], where the spin-orbit term is neglected, and spin and spatial coordi-
nates become decoupled. Hence, the Hamiltonian matrix reduces to two matrices of
half the size, which can be diagonolized separately. This saves a factor of four in com-
puting time. The scalar relativistic approximation will be discussed more detailed in
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the next section. It should be noted, that relativistic effects are only significant close
to the nucleus, where the kinetic energy is large. It is therefore reasonable to treat
the interstitial region and the vacuum non-relativistically. Thus, merely within the
muffin-tins the electrons are treated relativistically. And only the large component
of ¥ is matched to the non-relativistic wavefunctions at the boundary between the
muffin-tins and the interstitial region, because the small component is already negli-
gible at this distance from the nucleus. The small component is attached to the large
component, and cannot be varied independently. However, this is a sensible approxi-
mation for two reasons: Firstly even inside the muffin-tin sphere the large component
is still much bigger than the small component, and plays the more important role,
and secondly the two components are determined by solving the scalar relativistic
equations for the spherically averaged potential. Therefore, they are very well suited
to describe the wavefunctions.

Hence, the size of the basis set and the Hamiltonian matrix remains the same as
in non-relativistic calculations, but the problem has to be solved twice, once for each
direction of spin. This amounts to a numerical effort, that is equal to that needed in
spin-polarized non-relativistic calculations.

3.2.2 The Scalar Relativistic Approximation

As I pointed out in the previous section, the electrons are only treated relativistically
inside the muffin-tin spheres. Thus, the first problem that has to be addressed is
the construction of the relativistic radial function. This is done by solving the scalar
relativistic equation, including only the spherically averaged part of the potential.
The starting point is the following Dirac equation.

{ca-p+(B-1)mP+V(r)} ¥ =E¥ (3.31)

The solution of (3.31)is discussed in many textbooks, e.g. E.M. Rose [Ros61]. Due
to spin-orbit coupling m and m, are not good quantum numbers any more, and
they have to be replaced by the quantum numbers k and p (or j and p), which are
eigenvalues of the operators K and the z-component of the total angular momentum
Jj- (or the total angular momentum j and j,) respectively. K is defined by

K=p(c-1+1) (3.32)

The solutions of (3.31) have the form

v () e

Where g, (r) is the large component, f,(r) is the small component, X, and x_., are
spin angular functions, which are eigenfunctions of j, j,, K and s? with eigenvalues 7,
i, & (-k) and s = 1/2 respectively. The spin angular functions can be expanded into
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a sum of products of spherical harmonics and Pauli spinors. Where the expansion
coefficients are the Clebsch-Gordon coefficients. The radial functions have to satisfy
the following set of coupled equations.

0 k+1

579x(r) = == —gu(r) + 2Mcfu(r) (3.34)
0 1 -1
- fu(r) = —(V(r) = B)gu(r) + t — (1) (3.35)
with .
M=m+ 2_c2(E - V(r)) (3.36)
This can be written in matrix form.
K+1 0
_ " — E 2Mec gn(’)") -0 (3 37)
l(V( )~ E) k—1 9 fw(r) )
eV T or

To derive the scalar relativistic approximation D.D. Koelling and B.N. Har-
mon [KH77] introduce the following transformation.

1 0
9x(r) 9(T) )
= 3.38
( (1) ) 1 r+l ( Fo(7) (3.38)
2Mc r
Using this transformation (3.37) becomes
0
- 2M
or ¢
1 k(k+1) 1 1 k+1(0 MY\ k-1 0
AT L (Ve = E) — Z - =
2Mc  r? i) ) 2Mc r (87‘ M) T or

Where M’ denotes the derivative of M with respect to r (0M/dr). Multiplying the
first line in (3.39) by (k + 1)/2Mecr and subtracting it from the second yields

0

~5 2Mc (gn(r) .
1 I(l+1) 1 k+1 M 2 0 ¢u(r) )
2Mc r? +E(V(T)_E)+ r 2M?c  r Or

(3.40)
Where the identity x(k+1) = [(I+1) has been used. Recalling, that « is the eigenvalue
of K = B(o -1+ 1) the term (k + 1)M' /2M?cr can be identified as the spin-orbit
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term. This term is dropped in the scalar relativistic approximation, because it is the
only one, that causes coupling of spin up and spin down contributions. In the original
paper this is interpreted as an average over all states for the two possible values of
kyk=1,(j=1-1/2)and Kk = —(I+1),(j =1+ 1/2). The radial functions g;(r) and
¢i(r) (the index k has been replaced by [) can now be calculated from the following
set of differential equations.

D ar) = 2Mep(r) (3.41)
o) = (i w24 200 - D))l - ) (4

Deriving these equations with respect to the energy yields a set of equations for a(r)
and ¢;(r), which are the relativistic analog of ;(r).

%QI(T) = 2Mecdy(r) + 2Med(r) (3.43)
D gy = (2 ERES v E)) ar)
- (2]]\\4/12cl(l; 2 + %) qi(r) — %él(T) (3.44)

For numerical reasons the functions g;(r) and ¢;(r) are replaced by p(r) = rg;(r) and
q(r) = cr¢y(r). Thus, equations (3.41) — (3.44) become

Doy = 2 (14 gB V() atr) + 2 (3.45)
%q(r) = (2 ® ;_l((lE +_1)V(T))) V) - E) p(r) - q(r—r) (3.46)
Doy = 2((14 5B -VOD) i) + gmatn)) + 22 (a1
%‘M N (2 (1+ ;—l((lE+_1 )V(r))) a2 TV E) lr)

- (4c2 (1+ ;l(; 1_) V() r? " 1) plr) - @ (3.48)

This formulae have been obtained using the definition of M (3.36), M = 1/2¢? and
the fact that m = 1 in Hartree units. In our implementation of FLAPW the radial
wavefunctions are normalized according to

<< i’, )‘ ( Zl, )> = /ORMT(g?(r) + ¢2(r))ridr = 1 (3.49)



32 3. The FLAPW Method

However, g?(r) + ¢?(r) is not the charge density. The radial charge density is defined

’ o) =((4)](4)) = [ @+ g @)

The energy derivatives of the radial functions have to be made orthogonal to the
radial functions (comp. section(3.1.2)).

<<g§)‘<z,l>>:0 (3.51)

Thus, the scalar relativistic FLAPW basis set is

(1

ei(G”-H(”)l‘” eiGJ_Z I’nt

{AGIIGJ-UGII (2) + Bg e, ug, (z)} eHGiTk)r Vac.

$GGL (1‘) = 3 (352)

i(r) ¢u(r)

34 (400 ) ine) + B (20 ) inie) 7

Note, that the Pauli-spinors have been omitted, since the spin up and down prob-
lems are solved independently within the scalar relativistic approximation. Rewriting

(3.40)
a(r) \ _ oi(r)
Hsp ( &i(r) ) =F ( () ) (3.53)
with 1 I(l+1) 2% @
Hsp = M v 8+ v o (3.54)
o —2mc® + V(r)

a matrix expression for the scalar relativistic Hamiltonian including only the spheri-
cally averaged part of the potential can be obtained.

3.3 Construction of the Hamiltonian Matrix

The FLAPW Hamiltonian and overlap matrices consist of three contributions from
the three regions into which space is divided.

H = H;+Hyr+Hy (355)
S = S;+Sur+Sy (3.56)

All three contributions have to be computed separately. Let’s begin with the muffin-
tin spheres.
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3.3.1 Contribution of the Muffin-Tins

The contribution of the muffin-tin to the Hamiltonian matrix and the overlap matrix
is given by:

!

B0 = [ (ZA Kt (r )+Bﬁf3’<k>¢z,<r>)*%ma

3 ARG (k)2 (r) + BgG(k)¢g(r)> d3r (3.57)

(=
s5900 = 3 [ (S 4 00ep0) + B 00t 0))

L'

(Z AL (k)pf(r) + BL (k)¢f (r)> d*r (3.58)

with

= 90 ) nw. wo- (2 )ne e

Where we distinguish between the atom index p and the atom type index a(u). In
most application the are symmetry equivalent atom in the unit cell, i.e. some atoms
can be mapped onto each other by space group operations. Clearly, these atom
must possess the same physical properties, e.g. the potential has to be equal. As
a consequence, the Hamiltonian and the basis functions ¢$(r) do not differ among
the atoms of the same type. This fact is exploited in that the muffin-tin potential
of an atom type is only stored once for the representative atom, and the matrices
3.61-3.64 is also calculated for the representative only. H 7« is the scalar relativistic
Hamiltonian operator. It can be split up into two parts, the spherical Hamiltonian
Hsp (3.54) and the nonspherical contributions to the potential V.

Hyrra = HE + V2 (3.60)

The above integrations contain the following matrix elements.

g = [ ehE)Humagi ) (3.61)
67 = [ ) Hare g () (3.62)
G = [ o O Haragh (r)d'r (363)
65 = [ O Hareg)dr (3.64)

These matrix elements do not depend on the A¥%(k) and B¥S (k) coefficients. Thus,
they are independent of the Bloch vector and need to be calculated only once per
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iteration. The functions ¢¢ and ¢¢ have been constructed to diagonalize the spherical
part Hg, of the muffin-tin Hamiltonian Hp7a.

7-["‘ ¢ = E§ (3.65)

7-Lsp()bL + 7-lspgpL = Elgb% + QD% (366)

However, ’H"‘ is smaller than H2,, by a factor of 1/c? and is therefore neglected.

sp?
Hoppo L+ = Eigg + o5 (3.67)

Multiplying these equations with ¢% (r) and ¢¢(r) respectively and integrating over
the muffin-tins gives

(o7 | HoppT)mre = Ouwbmm By (3.68)
(L | HoppT) e = S Gmmy (3.69)
(L HoppL)ure = 0 (3.70)
(P | HopbL)mre = Ouwbmm Ei(PT|07) mre (3.71)

Where the normalization condition for ¢ has been used. So, only the expectation
values of the nonspherical part of the potential are left to be determined. Since the
potential is also expanded into a product of radial functions and spherical harmonics,
the corresponding integrals consist of product of a radial integrals and an angular
integrals over three spherical harmonics, the so-called gaunt coefficients.

=Y VG(r)Yp (& (3.72)
139 = ;I,‘,";ﬁf mmm’ 4§y o E (3.73)
o = N LG 4 5y b, (3.74)
135 = ;I%‘f’ e (3.75)
t%'lep = ;Iﬁﬁ"f %Tm” + 04y Spun? Bt Pl | Pl ) M (3.76)

with

e = [(aR(r)gr(r) + 93 (r)g () Vi (r)ridr (3.77)
g0 = [(9R()ar () + 65 () () ViE(r)rdr (3.78)
L5 = [@0)ere) + § () () Vi (r)ridr (3.79)
55 = [@E0aEe) + 6 (e (0)ViE(r)ridr (3.80)
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and
mm/m'" _ / Y, Yo Yirmn dS2 (3.81)

The I matrices contain the radial integrals. Finally, the Hamiltonian and overlap
matrix elements become

HGS k) = 303 (467 (k)35 ALS (k) + (B (k)" t557 BEC (k)
4 L'L

+(AL (k)63 BEC (k) + (BET (k)57 Al (k) (3.82)

Sur (k) = Z;(Aﬁgl(k))*flﬁg(kwr(BZG'(k))*BZG(k)@%W%)Mw (3.83)

3.3.2 The Vacuum Contribution

The vacuum contributions to the Hamiltonian and overlap matrix are.

27 S = /v ({AG’HGL (k)ugr, (ky, 2) + Bar e, (k) ugr (ki z)} ei(G'll+k||)r||)*
Hy ({AG“GJ_ (k)ug, (k, 2) + Be, e, (k))ig, (k| z)} ei(G”—Hc”)r”) &Pr

S G (ky) = /V({AG'HG;(k||)UG'u(k||,Z)+BG'HG;(kH)ﬂG'u(knaZ)} Sk’

({AGIIGJ- (ky)ue, (ki 2) + Bee, (k))ie, (K|, z)} ei(Gll+kll)r||) d3r
(3.84)

The treatment of the vacuum region in FLAPW is in many way similar to the treat-
ment of the muffin-tins. As in the muffin-tins the basis functions are constructed to
diagonalize only a certain part of the Hamiltonian. Here this part of the Hamiltonian
includes only the non-corrugated planar averaged part of the potential (V,.(z)), that
depends only on z.

Hy = Hne + Veo(r) (3.85)

The t-matrices can be defined in the same way as inside the muffin-tin spheres ((3.61)
- (3.64)).

terq, (k) (par, (k) Hvea, (k))v (3.86)
1(i'jnG"n &) = (ee, (k) Hvee, (K)))v (3.87)
ey k) = (e, (k) Hvee, (ky))v (3.88)
tG?’nGn (ki) (Par, (k)| Hv e, (kv (3.89)

The contribution to these matrices from H,., are given by the analog of equations
(3.68) — (3.71). The non-corrugated potential is expanded into z-dependent functions
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and planewaves in the x—y-plane.

= Vay(2)e' i (3.90)

n
G

The contribution due to the expectation values of Voo(r) consists of a z-dependent
integral and an integral in the x-y-plane of the following form.

/ —iGr i GT iy r g gy — Sar (@ +Gy (3.91)

Thus, the t-matrices are given by
tarq (ki) = Iéz’tnGn a-a)(K)) + a6 Bvac (3.92)
tgnGn(k”) = laey@-q) k) +ie g, (3.93)
té e k) = Ig 16y (6! -Gy y (k) (3.94)
tg||G|| (k) = Ig heye—cy (&) + 0ey e Bua (U, (ky) e, (kv (3.95)

Where the I matrices abbreviate the z-dependent integrals including V(g q)(2)-

Igq; () = / ug (k) Jug, (k) Vgr (2)dz (3.96)
IG?\GHG"(k”) - /“G’(kl\)“Gu(kH) Gy (#)dz (3.97)
IGI\GH o) = / iy (k) Jug, (k) Ve (2)dz (3.98)
ImﬂGn crk) = / i) (k) )ig, (k) Vgr (2)dz (3.99)

The Hamiltonian and overlap matrix elements are calculated according to
HFS(k) = (Ag; e, (ky))te G’G” (k))Acc. (k)
+(Aeye, (K)))'tG: ¢, (k1) Bey 6. q)
+(Bay e, (ki) t(;h(;”(kl\)AGuGL (k)
+(Bey e, (K)))"ta 6, Beye. (ki) (k) (3100)

SV (k) = (Aaje, (k) Ae e (ky)dar g,
+(Be e, (k)" Be,c. (k) (i, (k) |ic, (k)))vic;c, (3.101)

3.3.3 The Interstitial Contribution

The interstitial contributions to the Hamiltonian and overlap matrix have the follow-
ing form.

HE 00 = g fle G+k)( LN >) APy (3.102)
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I 1 . L
gee _ 1 / o~ HGHK)T ,i(G +K)r g3, 3.103
I 0 7 ( )
The potential is also expanded into planewaves in the interstitial region.

Vi)=Y Vge G (3.104)
GI

Without the existence of the muffin-tin spheres the integration would stretch over
the entire unit cell and the integration becomes rather simple. The kinetic energy is
diagonal in momentum space and the potential is local, diagonal is real space and of
convolution form in momentum space.

! h2
HF% (k) = %|G +k[?0gq + Vie-a)

SIG ¢ = dag!

However, these matrix elements are not as straightforward to calculate as they appear
at first glance, because of the complicated structure of the interstitial region. The
integrations have to be performed only in between the muffin-tins. Therefore, a step
function ©(r) has to be introduced, that cuts out the muffin-tins.

(3.105)

1 interstitial region
Ofr) = { 0 muffin-tins

In film calculations the region between D/2 and D/2 has to be cut out too, but to
keep it simple we will discuss the only the bulk case in this section. Using the step
function the matrix elements can be written:

' 1 . !
Hﬁvc} k) = ¢ UG-G )rV(r)G(r)d?’r

5 cell
1 ! ]_ . !
+2(G +k)?= [ e UG-G ror)dr (3.106)
2 Q cell
' 1 i I}
SGE = o e UG-G Irg(r)d?r (3.107)
cell
In momentum space 3.106 becomes:
Ga' R 0
= Hiyr (k) = (VO)g-a)+5-(G +k)’Oc ¢y (3.108)
S?N%’ = ®(G—G’) (3.109)

Where ©¢g and (VO)g are the Fourier coefficients of ©(r) and V(r)O(r) respectively.
Apparently these coefficients are needed up to a cut-off of 2G,,,,. The step function
can be Fourier transformed analytically.
Ar(Ryr)® J1(GRYr)

Q GRS r

Gk
Og =dgo— Y e ‘P
u
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The Fourier transform of the product of V(r) and O(r) is given by a convolution in
momentum space.

(VO)e = Ve'Or-a)
GI

This convolution depends on both, G and G', therefore the numerical effort increases
like (Gas)®. However, (VO)g can be determined more efficiently, using Fast-Fourier-
Transform (FFT). In fig. 3.3 it is shown schematically how (V©)g can be obtained
using FFT. Using this scheme the numerical effort increases like (Gmaz)In((Gmaz)?)
with Gee-

o TWICET. 506 .60
CUt-0ff 2Gmax T~

=« FFT

(VO)r) —— (VO)(G)
vG) . v

Figure 3.3: Schematic representation of the calculation of (V©)g. First O(r)

is Fourier transformed analytically with a cut-off of 2G,,,,, yielding ©g. Then

O¢ and Vg are fast Fourier transformed and multiplied on a real space mesh.

Finally, the result (V©O)(r) is back-transformed to momentum space.

3.3.4 The Muffin-Tin A- and B-Coefficients

Within FLAPW the electron wavefunctions are expanded differently in the intersti-
tial region and the muffin-tins. Each basis function consists of a planewave in the
interstitial, which is matched to the radial functions and spherical harmonics in the
muffin-tins. The coefficients of the function inside the spheres are determined from
the requirement, that the basis functions and their derivatives are continuous at the
sphere boundaries. These coefficients play an important role. In this section we will
therefore discuss how the matching conditions can be solved and what properties
they induce.

In many systems that the FLAPW method can be applied to some atom are
symmetry equivalent, i.e. these atoms can be mapped onto each other by a space
group operation {R|r}. Such a group of atoms is called an atom type, represented
by one of the atoms. Let {R¥|r#} the operation that maps the atom g onto its
representative. This atom can now be assigned a local coordinate frame S* (cf.
fig. 3.4), where the origin of S* is at the atoms position® p#. The local frame is
chosen such that the unit vectors of the local frame S* are mapped onto those of the

3The atom position is very frequently denoted by 7#, which would clearly cause some confusion
in this context.
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p pH

\ 4

Figure 3.4: Local coordinate frames inside each muffin-tin.

global frame by RY (R¥S* = S9). The local frame of the representative atom S
is only translated with respect to the global frame, i.e. the same rotation R* maps
S# onto S®. The potential (and other quantities) inside the muffin-tins can now
be written in terms of the local coordinate system. Due to the symmetry we find
Varre (r®) = Vg (r#), where r® and r# are expanded in terms of the local frames S
and S* respectively. As a consequence the radial functions* u;(r) and the t-matrices
are the same for all atoms of the same type. This way symmetry is exploited to save
memory and computer time (during the calculation of the t-matrices).

Any planewave can be expanded into spherical harmonics via the Rayleigh ex-
pansion.

e®r = 4r N i ji(rK) Y7 (K) Yi.(#) (3.110)

Where r = |r|, K = |K| and K abbreviates (G + k). Looked at from the local frame
K and p* appear rotated, besides the origin of the local frame is shifted. Therefore,
the planewave has the following form in the local frame:

e’i(R“K)(l‘-FR“p”) (3111)
Thus, the Rayleigh expansion of the planewave in the local frame is given by:

e®P* 4 ST Gi(rK) Y7 (RMK) Yi(F) (3.112)
L

The requirement of continuity of the wavefunctions at the sphere boundary leads to
the equation:

> A6 (k) w(Rure)Yi(#) + BEC (k) t(Rupre) Vi (£)

4Within this section the radial functions are denoted by u;(r) for simplicity, though in scalar
relativistic calculating the large component g;(r) is used instead of wu;(r).
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= e®P" 43" ¢ 5i(rK) Y (R*K) Y5 (F) (3.113)
L

Where Rjp;re- is the muffin-tin radius of the atom type . The second requirement is,
that the derivative with respect to r, denoted by 9/0r = ', is also continuous.

> A6 (k) wy(Rarre) Yo (#) + BES (k) tg(Rure) Vi (£)
L
= ®P" 47 N i Kjj(rK) Y7 (R*K) Yi(#) (3.114)
L
These conditions can only be satisfied, if the coefficients of each spherical harmonic
Y1 () are equal. Solving the resulting equations for A#%(k) and B“% (k) yields:
uG iKph g L 1 v 2
AfZ (k) = 7P 47TWZ Y (R*K)
[t (Ryrra) K ji (Rarre K) — t(Ryrre ) i( Ryre K))
; 1 N
B (k) = e'KP”47rWz" Y7 (R*K)
[u;(RMT“)jl(RMTO‘K) — ul(RMTa)Kjll(RMTaK)]
(3.115)

The Wronskian W is given by:
W = [dl(RMTa)u;(RMTa) — ul(RMTa)a;(RMTa )] (3116)

Transformation of the FLAPW basis functions in systems that possess
inversion symmetry

Planewaves transform in a very simple way under the operation r — —r. Let Z be
the inversion operator:

TeiKr — —iKr _ (eiKr)* (3.117)

The FLAPW basis functions still have this property, i.e. pg(k,—r) = pg(k,r).
Clearly, the system must possess inversion symmetry, because only if there is an
equivalent atom at the position —p* to each atom y at position p#, the basis functions
inside the corresponding spheres can be complex conjugates. The value of the basis
function ¢g(k,r) inside the muffin-tin y is give by:

ea(k,r) = 3 A% (k) w(r)Ye(8) + BES (k) i(r)Ya(R) (3.118)

The vector —r lies in the opposite muffin-tin at the position —p*. Let’s denote this
atom by —pu. Thus, we find:

oc(k, —r) = XL; AC(K) w(r)YL(R) + Bp#C (k) (r)Yy(f) (3.119)
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The argument of the spherical harmonic is # rather than —f, because the vector

is expanded in the local frame of the atom —p. Substituting the explicit form of
A7*®(k) and B;*® (k) from (3.115), yields:

pa(k,—1) =3 P 1 v (—RFK) Yy (£){Aw(r) + Biy(r)} (3.120)

Where it has been used, that p ™ = —p* and R™* = —R*, A and B abbreviates
all terms in (3.115) that are real and do not depend on r or #. Using that Yz(f) =
(1)t YL(f-) (3. 120) becomes:

Z e KP) () YVHRAK) Yy (8){Aw(r) + Biy(r)} (3.121)

In the last step it can be exploited that Y, ,,(f) = (—1)™ Y%, (F). Substituting
m = — (3 121) becomes:

= > e KD () Vi (R*K) Vi (){Awi(r) + Buiu(r)}  (3.122)
Ilm/!
Hence, we have shown, that the FLAPW basis functions transform according to
vak,—r) = pg(k,r) (3.123)

in the interstitial region and the muffin-tins, if the system possesses inversion sym-
metry.

The Hamiltonian Matrix of Systems with Inversion Symmetry

The property of the FLAPW basis functions derived in the previous section leads to
property of the Hamiltonian and overlap matrix. In systems that possess inversion
symmetry these two matrices are real symmetric rather than complex hermitian. The
Hamiltonian depends explicitly on r via the potential. The matrix elements are given
by:

HE'S( / ot (k, 1) H(r)pe (k, rd’r (3.124)

Substituting r’ = —r yields:
HEC(k) = / va (k, TV H (K)ol (k, r'd®r (3.125)

Where (3.123) and H(r) = H(—r) have been used. In addition the Hamiltonian
operator is real, i.e. H(r) = H*(r). Thus, we finally obtain:

HECM) = [ gk, V1 ()¢ (k,'d’r
= (H¥Cx)) (3.126)

Apparently, the same relation holds for the overlap matrix. The fact, that the two
matrices are real means a great simplification in actual calculation. In principle,
the diagonalization of a hermitian matrix is no more difficult than in the real case.
However, one complex multiplication contains four real multiplication, and therefore
the complex problem is far more “expensive” than the real, and the diagonalization
needs the biggest part of the computer-time in each iteration.
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3.4 Brillouin Zone Integration and Fermi Energy

If density functional theory is applied to infinite periodic solids, quantities that are
given by integrals of functions that depend on the band and the Bloch vector over
the Brillouin zone have to be determined. These integrations stretch only over the
occupied part of the band, i.e. over the region of the Brillouin zone where the band
energy €,(k) (v is the band index) is smaller than the Fermi energy. Hence, the
integrals are of the form

3
- /BZV Z f.k)  d°k, (3.127)

Ey <EF

where f is the function to be integrated. Example of such quantities are the number
of electrons per unit cell

_ L 3
N_VBZ/BZ Y 1 d, (3.128)

V,€y (k) <Ep

the electron (charge) density (cf. section 3.6) and the eigenvalue sum

L/BZ Y k) dk (3.129)

Vbz v,en (K)<Ep

Numerically, these integrations are performed on a discrete mesh in the Brillouin
zone. In fact, only the irreducible part can be used to save computer time. There
are different methods, that can be used to perform the integration, e.g. the special
points method [CC73, Cun74] and the tetrahedron method [JA71, LT72, BJA94|. The
special points method is a method to integrate smoothly varying periodic functions
of k. The function to be integrated has to be calculated a set of special points
in the (irreducible) Brillouin zone, each of which is assigned a weight. Thus, the
Brillouin zone integration is transformed into a sum over a set of k-points. However,
these weights do not take into account, that the integration stretches only over the
occupied part of the bands. This problem is solved by including only those bands
into the summation that have an energy below the Fermi energy at the k-point under
consideration. Thus, the integrals become:

VBZ/BZ Z L) &k—> > fulk) wk) (3.130)

Cu <EF k V,€v (k)<EF

Alternatively, this integration can be viewed as an integration over the whole Brillouin
zone, where the function to be integrated is given by a product of the function f with
a step function that cuts out the region of the Brillouin zone, where the band energy is
above the Fermi energy. Clearly, the resulting function does not satisfy the condition
of being smoothly varying. Therefore, the special k-points method does not converge
very quickly, and rather many k-points are needed to obtain accurate results. On
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the other hand this method is simple to implement, because the weights depend only
on k and the band energy (via the step function) at each k-point. Another problem
arises from this “sharp” differentiation between occupied and empty bands (parts of
bands). Let’s consider a band that is very close to the Fermi energy at a certain
k-point. During the iterations the energy of this band might rise above or drop below
the Fermi energy. This leads to sudden changes in the charge density, which can
slow down or even prevent the convergence of the density. These sudden changes are
clearly a result of the discreetization in momentum space. To avoid this problem,
the sharp edges of the step function have to be removed. This can be done, e.g.
by using the Fermi function (e(*~Fr)/¥8T 4 1)~1 rather than the step function. In
other words, the function to be integrated is artificially made smoothly varying. The
temperature 7' can then be adjusted to obtain the best convergence. This method is
called temperature broadening.

In the current implementation of the FLAPW method the Fermi energy is deter-
mined in two steps. First the bands are occupied (at all k-points simultaneously),
starting from the lowest energy, until the sum of their weights equals the total number
of electrons per unit cell, i.e. the discretized equivalent of (3.128) is solved at T = 0.
Then the step function is replaced by the Fermi and the Fermi energy is determined
from the requirement that:

N=% wk,e,(k) - Ep) (3.131)

Where the weights are given by:

1
elev(k)Ep)/kpT 1 |

w(k,e,(k) — Er) = w(k) (3.132)
The weights w(k, €,(k) — EF) are stored to be used for later Brillouin zone integra-
tions.

3.5 Representation of the Density and the Poten-
tial

The expansion of the charge density p ® and the potential is very similar to expansion
of the wavefunction. In the interstitial-region the two quantities are expanded into
three-dimensional planewave, inside the muffin-tins they are represented by spherical
harmonics and radial functions, which are store on an exponential mesh and in the
vacuum they are expanded into two-dimensional planewave and z-depended functions,
which are also given on an exponential mesh. However, the charge density is given

by
p(r) = Z i (r) [, (3.133)

5The charge density is related to the electron density by p(r) = —en(r). However, the program
is written in Hartree units, where e = 1, therefore p and n are equal.
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which contains contains terms of the form eG~G)r. Consequently, for a consistent
representation the charge density cut-off has to be twice the wavefunction cut-off
Gmaz- In section 3.3.3 we explained, that the potential is also needed up to cut-
off of 2G,,4,- This leads to a large number of coefficients, that need to be stored.
Fortunately, this number can be reduced, if the symmetry of the system is exploited.

Of course, the charge density and the potential posses the lattice symmetry.
Therefore, the expansion into planewaves is more general than necessary. The Plane-

waves can be replaced by symmetrized planewaves, the so called stars. They are
defined by:

@3D ZezRG(r T) (3134)
OP op
where {R|7} are the symmetry operation of the lattice space group; if all the trans-
lation vectors 7 are zero, the space group is call symmorphic. By this construction
all planewaves, that are symmetry equivalent, are combined to form one star. The
two-dimensional stars ®2(r) are defined in the same way, applying the operations
of the two-dimensional space group only.

The same arguments can be applied to the expansion of the p (V) inside the
muffin-tins. In this case the relevant symmetry group is the point group of the
atom under consideration. Thus, different expansions are used at different atoms in
general. The symmetrized functions are called lattice harmonics and they are linear
combinations of spherical harmonics.

K, (%) =) ¢ Yi(E) (3.135)

The lattice harmonics are real, orthonormal and invariant under the point group
operations. Finally, the expansion of the the charge density has the form

2 pS‘I)3D( ) rel
p(r) =1 3, ps(2)®2P(r) r € Vakuum (3.136)
r

X, A (r)Ky(E) reMT®

The Potential is expanded in exactly the same way.

3.6 Construction of the Electron Density

In this section we will discuss the determination of the charge density from the eigen-
functions. In density functional calculations of an infinite periodic solid the electron
density is given by an integral over the Brillouin zone (cf. (2.20)).

n(r) = / 1, (K, 1) 2%k (3.137)
Viz /B2 ueu(k)<Ep

Where Vpz is the volume of the Brillouin zone, v is the band index and Ef is
the Fermi energy. In spin-polarized calculations the summation includes also the
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spin-index o (cf. (2.8)), while in a non-magnetic calculation a factor “2” has to be
added to account for the spin-degeneracy. In the case of film calculations the three-
dimensional Brillouin zone is replaced by a two-dimensional Brillouin zone. In both
cases integration methods that sample eigenfunctions and the eigenvalues on discrete
k-point are used to compute the integrals. These methods transform the integration
into a weighted sum over the k-points, where the choice of k-points and their weights
depend on the integration method used. These weights depend not only on the k-
point, but also on the energy of a band, i.e. on the band (index), because each band
contributes to the electron density only if its energy is below the Fermi energy.

=33 [k, 1) Pu(v, k) (3.138)

Within the FLAPW method the eigenfunctions are represented in terms of the coef-
ficients of the augmented planewaves.

ZC )ee(k,r) (3.139)

Inside the muffin-tin spheres each planewave is coupled to a sum of spherical har-
monics and radial functions. Hence, in a sphere p an eigenfunction is given by:

YH(k,r) Zc ZA“G Yy (£) + BES (K)ad (r) Yy (F) (3.140)

The A%¥(k) and B¥S(k) coefficients can be replaced by band dependent A- and
B-coefficients, obtained by performing the contraction over the planewaves:

YE(k,r) ZA (r)Yi(®) + BL , (k)uy(r) Yz (%), (3.141)

where

Ap, (k) = % (k)AL (k),  Bf,(k)= % ¢} (k) BL® (k). (3.142)

3.6.1 “l-like” Charge

Since the wavefunctions are expanded into spherical harmonics inside the muffin-tin
spheres, they can be split up into contributions with a certain [-character.

¥#(k, 1) Zw (3.143)

The particle density of a certain state depends on the square of the wavefunction.
Therefore, it contains cross-terms with a mixture of different [’s.

/BzZ vk, r) +22( v (k r))* bk, r)dk (3.144)

"
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If, however, the density is integrated over the muffin-tin, the cross-terms vanish be-
cause of the orthogonality of the spherical harmonics. Thus, the total electron density
inside a sphere can be written as a sum over contributions with definite I-character.

=Y nk, b= / / (&, 1) PdPrdk (3.145)
R ’ VBZ BZ JMTH

Where n”
by:

is called “l-like” charge. We can also define a k-dependent l-like charge

v,l

”lrjl(k) / W)zljl(k’ I)‘Zd?’r (3.146)
’ MTH 7
Substituting (3.141) yields:

Z 1AL, (k)[> + |BE, L(K)[2N? (3.147)
m=—1
Where
- Ryra 2 2
Ne = / (48 (r))2r2dr (3.148)
0

and the orthogonality of the spherical harmonics, the normalization of u* and the
orthogonality of uj* and u{* have been used.

3.6.2 Determination of the Optimal Energy Parameter

In order to minimize the linearization error, the energy parameters should be chosen
as close to the band energies as possible. However, the band energies €,(k) depend on
k whereas the energy parameters E}* are constants. In addition, the radial functions
contribute to the eigenfunctions of different band with different energies. Therefore,
deviations between €,(k) and Ef* have to be accepted. An optimal choice can be
obtained from the requirement, that the energy parameters minimize

/BZ E): (e (k) — B nly (k) d*k, (3.149)

which is the quadratic error weighted with the amount of charge that each band
contributes to the 1-like charge with the l-character of the energy parameter. Setting
the derivative (0/0E}) equal to zero yields the optimal energy parameter:

(/BZ > alnlk) ) / (fB ; Z nﬁ,,(k)d%) (3.150)

v,ev(k)<Ep k)<Ep

The Brillouin zone integration methods transform this into a sum over a discrete
k-point set.

B = (S amtiuen) /(ST 0uen) @y
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3.6.3 Construction of the Electron Density in the Muffin-
Tins
Substituting (3.141) into (3.137) yields the electron density in the muffin-tin spheres.

) = o 3 (A, 00ur) + B M) Vi

v,e, (k)<Ep L'

> (AL, (<)uf (r) + BL, (k)5 (r)) Y (F)d° (3.152)

L

The particle density inside the muffin-tins is also expanded into spherical harmonics.

=Y CHr)YL(F) (3.153)
L
The coefficients C7, () can be determined by multiplying (3.152) with [ dQYz7«(#).

1 . o *
Chr) = 5 /B Zmz@;(mg, Jug(r) + Bl ()i (r))

> (AL, M (r) + BE, (k)i (r)) GRi™ k- (3.154)

L
with
mm/ ' / * Vet Yo dS2 (3.155)

where it has been used, that the gaunt coefficients are real, i.e.
[ ViVt Vs = [ Yoz Yims YirgundS2 (3.156)

Finally, applying a Brillouin zone integration method yields:

Ob() = T (ST X (45,09)" 45, (GHE " w019 ) )
+%@2§wl>%umw %
+ ;(gzgn(B L (K) AL (k)G ™ w )u
+ ;(Z};ZE(B k)) BY (k)G >u,,

(3.157)

3.6.4 Construction of the Electron Density in the Interstitial
Region
In the interstitial region the wavefunctions are represented in the following form.

¥, (k,r) Zc H{GH)r (3.158)
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Starting from (2.8) the electron density is given by:
n(r) / > (€'(K)" S (K)dkei (G S (3.159)
VBZ Bz ny(k )<Ep G'G"

The electron density in the interstitial region is also expanded into planewaves.

=) nCelCr (3.160)

Hence, the planewave coefficients of the electron density are:

TLG

> (') S (k)dk (3.161)
view(k)<Ep Ip/g.," c

Vaz /BZ

Apparently, the planewave cut-off of the particle density has to be twice the cut-off
of the wavefunction expansion (G,,;) to allow an accurate description. The k and
state dependent density

)= > (@) ) =3 (¢F () d M) (3.162)
et “

is given by a convolution in momentum space. For each coefficient a sum over G has
to be performed. Consequently, the numerical effort put into the determination of
n% (k) scales proportional to the number of G-vectors squared, i.e. proportional to
(Gmaz)®- However, n%(k) can be calculated more efficiently using the fast Fourier
transform (FFT). First, c& (k) is Fourier transformed to real space, where it is squared
on a real space mesh yielding n,(k,r), then all states are summed up and finally the
resulting particle density is back-transformed to momentum space.

k) L ) TS nlr) 25 nkr) 5 nS(k)

v

With this scheme the numerical effort increases proportional to (Gpaz)® In((Gmaz)?),
which is a major improvement for large systems. In a last step the planewaves have
to be combined to form the three-dimensional stars.

3.6.5 Construction of the Electron Density in the Vacuum
Region

In the vacuum region the wavefunctions are expanded into two-dimensional plane-
waves parallel to the surface and z-dependent functions perpendicular to the surface.

GG : % r
Yo (K, ) GZ e (k) (AGHGL(kII)uGH(kH’Z) + Bga. (k)ig, (k||,z)) el Gtk
1GL

(3.163)
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Hence, the electron density is given by:

o= f Y ¥ %

v,ey(k)<Ep Gil G Gil’G”

( GIIG’ (k||) (AGhG’L (k“)uGil (kH’ z) + BG?IG,L (k||)1'tGi| (k”, Z)))*

GIIGII .
( I (k”) (AGIIGII (kH) Gill (k“, Z) + BGillGlJl- (k”)’U;Gﬁ (k”, Z))) d?’k,‘
e GG (3.164)
The particle density in the vacuum is represented in the following form.

= nCi(z)eCIr (3.165)
Gy

Performing the Brillouin zone integration on a discrete k-mesh and carrying out the
summation over G', and G| we find that the coefficients n®i(z) are:

nGi(z) = Y23 (Agulky)) Ay sepa kv, k) ug k), 2)ue, +ap ki, 2)

kv G|

+ 22222 (Aey (k)

k| v G

( ) B
+ 223 (Bapulky) Ay kw, k) i (K, 2)ug, rap (ki 2)
( )

*

@+ (K w (v, X)) ug (K, 2) iy +ap) (K|, 2)

kv G|

+ ZZZ

*

B Bgy+a)w(k)wv, k) e (), 2)ie,+a;) (K, 2)

()

(3.166)
with

Agv kn)—GZCV “(k)Aga, k),  Bayw(ky) ch (k) Bg,c, (k)
1

(3.167)
Here, the terms of the form

) (AG’” ,u(kl\)) Aey+a)w (k) ue ki, 2)u, +ay) (K, 2)
Gj

represent convolutions in momentum space. Similar to the interstitial region these
terms could be calculated more efficiently, using two-dimensional fast Fourier trans-
form. However, there are far less two-dimensional planewaves than three-dimensional
planewaves. Therefore, the possible saving of computer time is much smaller.
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3.7 Construction of the Coulomb Potential

The Coulomb potential consists of two parts, the Hartree term Vg (r) and the external
potential of the nuclei V;(r).

V(r) = Vi (r) + Vi(r) (3.168)

The Hartree potential has to be determined from the charge density via the Poisson
equation.

AVy(r) = 4mp(r) (3.169)
In real space the solution of 3.169 is given by
Amp(r')
Vu(r) = Py d°r. (3.170)

In reciprocal space, however, the Poisson equation is diagonal, as a result the solution
is very simple. o
4T
V(@) = TS
Therefore, and because of the representation of the charge density and the poten-
tial in the interstitial- and vacuum-region, the solution of the Poisson equation in
reciprocal space appears to be convenient. However, due to the rather localized core
and valence states the charge density changes on a very small length scale near the
nuclei. Therefore, the planewave expansion of p convergences slowly, and a direct use
of (3.171) is impractical, if not impossible. This difficulty can be circumvent via the
pseudocharge method.

(3.171)

3.7.1 The Pseudocharge Method

The pseudocharge method, developed by Weinert [Wei81], is a very elegant technique
to calculate the interstitial and vacuum Hartree potential. The underlying idea is to
divide the solution of the Poisson equation into two steps. In the first step the
true muffin-tin charge is replaced by a convergent pseudocharge density p, that leads
to the same potential outside the muffin-tins. Then the interstitial (and vacuum)
potential is calculated in reciprocal space. In the second step the muffin-tin potential
is determined from the Dirichlet boundary value problem, defined by the exact muffin-
tin charge and the interstitial potential on the muffin-tin sphere boundaries. The
potential outside the the muffin-tin spheres due to a charge distribution inside the
sphere is determined completely by its multipole moments gqy,.

> L o4Ar g .
VI =3 Y ol (3.172)

However, the multipole moments do not define the charge density uniquely. The
charge density is given by:

p(r) = pr(r)O(r € I) + ) pa(r)O(r € MT*) (3.173)
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Of course, in film calculation there is also a vacuum charge, and we will come back
to this later. 3.173 can be rewritten

p(r )+ Z Pa(r) — p1(r)]O(r € MT*) (3.174)

Thus, the interstitial charge has been extended into the muffin-tin and subtracted
there again. The second term in 3.174 can now be replaced by a pseudocharge p¢, that
has the same multipole moments (s. [Wei81| for details). The resultant pseudocharge
p is given by

pr) = pi(0) + ¥ () (3.175)

p(r) is constructed to have a more rapidly converging Fourier expansion than the
original charge density p(r). Therefore, the Poisson equation can now be solved
using (3.171).

Still, the muffin-tin potential V{;, remains to be determined. For this step the
exact muffin-tin charge p, has to be used. Since, the interstitial potential is already
known at this point, the calculation of V};, constitutes a classical spherically sym-
metric Diriclet boundary value problem, which can be solved by the Green’s function
method [Jac83].

R
(1) = /MTa pa(e)G (e, X ) — 22 § Vil ’)—dQ’ (3.176)

The second integral is over the muffin-tin sphere boundary S¢, and it is necessary to
satisfies the boundary conditions. The Green’s function is given by:

Y ’Y 2l1+1
Gor,r) = 4n Y L2’;+L1() < (1—( T ) ) (3.177)
>

I,m RMT“

where r~ = maz{|r|, |t'|}, r« = min{|r|,|r'|}. Finally, the muffin-tin potential has
to be expanded into lattice harmonics K, (T).

Varr(r) Z VMT (1)K, (1) (3.178)

The potential of the nuclei V;*(r) = | | is added to the spherical (I = 0) component

of the potential Vi o(r).

The muffin-tin potential is computed in the same way for both, bulk and film cal-
culations. Apparently, the interstitial and the vacuum have to be treated differently
is the two cases, due to the different boundary conditions and the different represen-
tation of the vacuum potential. Therefore, the next two sections the solution of the
Poisson equation will be outlined separately for these cases in.
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3.7.2 Determination of the interstitial Coulomb Potential in
Bulk Calculations

In the case of bulk calculations we have periodic boundary conditions in three dimen-
sions. Therefore, the solution of the Poisson equation,

GV (G) = 475(G) (3.179)

is very simple. Obviously, this equation can only be solved, if 5(0) = 0. Since 5(0) is
the average charge density, this means, that charge neutrality is essential. Still, V'(0)
remains undetermined by 3.179, i.e. one has the freedom to shift the potential by a
constant. This is a consequence of the periodic boundary conditions, because they
do not fix the reference of the potential. Usually V' (0) is chosen to be zero, hence the
Coulomb potential in the interstitial-region is given by:

47i'ﬁ G iGr 47Tp~s
Vi(r) =Y %e(} =Y G 30 (r) (3.180)
G#0 $#£0 8

where the first summation is expressed in terms of G-vectors and the second in terms
of stars.

3.7.3 Determination of the interstitial and vacuum Coulomb
Potential in Film Calculations

In a film the translational symmetry in z-direction is lost. Accordingly, the boundary
conditions are periodic in two dimensions only. In z-direction the periodic boundary
conditions are replaced by the requirement, that the potential approaches zero at
infinity. The latter condition defines the absolute reference of the potential. As a
consequence of the symmetry breaking, the following expansion of V' and p is most
suitable to solve the Poisson equation:

Vi) = Volz)+ Y Vg, (2)eSr (3.181)
G #0

pr) = p(2)+ Y pay(2)e'CI (3.182)
Gy #0

Substituting this into the Poisson equations yields:

(22~ &) Vo &) = =470, (2 (3.159)

This equation is treated differently for G|, = 0 and G| # 0.
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The G| = 0 Component of the Potential

For the G)| = 0 component of the potential the Poisson equation has the form

L e) = —trn(2) (3.184)

The G| = 0 component of the pseudocharge density is given by:
p?,o + ZGL p?aG_L eiGJ_Z ‘Z‘ S

po(2) = (3.185)
() 2] > 2

Nle}

The Poisson equation for the Gj = 0 can be integrated directly. The result in the
vacuum region is given by:

V(2) = —4n / Y oy (2)d7, (3.186)

with 5
ov(z) = /D P ()d + Py (3.187)

where the average interstitial charge density py is given by:

pr="_ pyi(GnD). (3.188)
Gy

Here p; does not equal p(}’o, because the G| are defined in terms of D rather than D,
i.e. the period of the z-dependent planewaves does not equal the integration interval.
In the interstitial region the solution to (3.184) is

0 00 2 D? prt (e iG, 2 *
Vi(z) = —2mpy | 2° — ol A" e (ez 12— ¢! L?) — 47 /D oy(Z')dz'
G, z

2 (3.189)

The G| # 0 Component of the Potential

In the case G| # 0 the Poisson equation is solved via the Green’s function method.
Ve, (2) = /_ pa,(2)Ca, (z — #)d2' (3.190)
Where the Green’s function is given by:

Gg (2 —2) = é—?e"’nz—f' (3.191)
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This leads to the following solution in the vacuum-region

2 z .
W) = et [l (e e (3.192)

+2_7Te—G”z /_7 p‘cj” (zl)eG”Z’dzl
GG

+é_7;e—a||z 3 h (e(G”—f—iGL)z _ e—(GH+iGL)z)
and in the interstitial-region
G| pf”’GL '
Vi'(z) = 47rznj We“ﬁz (3.193)
Ml o [€61%(G) +iG L )e (G167
G, G2 [ L)€

+ e_G”Z(G” — Z'GJ_)B_(G”—HGJ‘)%] +

00 D
+2G_7T [eG||z/ . p‘cj” (z)e—G”z’dzl_"_e—G”z/2

I 2 -

p‘cj” (z)eG”zl dzl‘|

3.8 Computation of the Exchange Correlation Po-
tential

The problem of the determination of the exchange correlation potential is quit dif-
ferent from the Coulomb potential. On one hand, V7, is a local quantity, i.e. V.Z(r)
depends only on n4(r) and n,(r) at the same position r. Thus, the muffin-tins, the
interstitial- and vacuum-region can be treated independently. On the other hand,
V2 and €, are non-linear functions of ny and n;. Therefore, V7, and €7, have to be
calculated in real space. V7, and €7, are determined in the same way. First, n, and
n, are transformed to real space, where V7 and €7, are calculated. Then V7 and
€2, are back-transformed. Then, V.2 is added to the Coulomb potential, yielding the
spin-dependent potential V; and V. €, is needed for the determination of the total
energy.

3.8.1 Calculation of ¢, and V], in the Interstitial-Region

In the interstitial-region the charge density is expanded into three-dimensional stars
with coefficients n?. Multiplying these by eR€™ yields the planewave coefficients
nZ. If the space group is symmorphic the star and planewave coefficients are iden-
tical. However, due to numerical inaccuracy, the calculated coefficients of symmetry
equivalent planewaves are not exactly equal, and the corresponding star coefficient
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is obtained from the average of the planewave coefficients. In the next step a three-
dimensional Fast-Fourier transform is carried out. Then the exchange correlation
potential is calculated on a real space mesh r;. Finally, V7, is back-transformed, and
the star coefficients are computed.

FFT FFT1
n{ — ng — i) — Vim) T VRS — Ve

s

3.8.2 Calculation of ¢/, and V? in the Vacuum-Region

The vacuum charge density is stored in terms of two-dimensional stars and a z-
dependent exponential mesh z;. The G| = 0 component reaches further into the
vacuum than the G| # 0 components. In the so called warping region the planewave
coefficients on each mesh point are determined by a multiplication with the phase fac-
tor e'RGI7. Then, for each grid point z; along the z-axis, the two-dimensional charge
density is Fourier transformed to a real space grid (r), z;), where V7, is calculated.
Afterwards, V7, is back-transformed and the star coefficients are computed.

n?(®20,z) —  n°(Gz) ZET no(r,z)  — Vo(r),z)

2DFFT!
— Vzac(G”’ zi) — V:z:ac(q)gD’ Z’i)

Beyond the warping region the exchange correlation potential is calculated directly

on the z-dependent mesh.

3.8.3 Calculation of €], and V], in the Muffin-Tin Spheres

The muffin-tin charge is expanded into lattice harmonics and radial functions. The
radial functions are stored on a discrete real-space mesh. Thus, the transform to real
space affects only the angular part. The charge density is calculated on a set of special
angular points #; = (6;, ¢;). Again, the exchange correlation potential is calculated
in real space. Thereafter, the result V.2 (r) is expanded into spherical harmonics Y7.
The Yy, are orthonormal, therefore the coefficients can be obtained from

:z:cL

/ Yy (#)V2(r, #)d02. (3.194)

The choice of the points #; = (6;,¢;), on which n’(r) and VZ(r) are calculated,
depends on the integration method, that is used to perform the angular integration.
In the current implementation (3.194) is computed via a Gaufl-Legendre integration
and the angular points are chosen such, that the orthonormality condition of the Y7,
holds also for the angular mesh ;.

3.9 Minimization of the Energy Functional

The aim of electronic structure calculations is to minimize the energy functional with
respect to the electron density. Within density functional theory this minimization
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is performed implicitly, by the determination of a selfconsistent density n(r). In the
previous sections we described, how an effective Potential can be calculated from a
charge density, how the Kohn-Sham equations including this potential can be solved
and how a new electron density can be calculated from the resulting single particle
wavefunctions. Combining these steps defines a map:

n'(r) = F{n(r)} (3.195)

The electron density that minimizes the energy functional ny(r) is a fix-point of
F{n(r)}, i.e. it solves

F{ng(r)} =0, with F{n(r)} = F{n(r)} — n(r). (3.196)

The density is expanded into a large set of basis functions. Therefore, in actual
calculations, the charge density is a coefficient vector of dimension n, where n is
typically of the order of 10%. Thus, (3.196) constitutes a system of m nonlinear
equations, which can be solved by iteration:

n™t(r) = F{n™(r)} (3.197)

A starting density can be constructed by a superposition of atomic densities. How-
ever, this scheme is in general divergent. To achieve convergence the output density
has to be mixed with the input density. Different mixing schemes are discussed in
the following.

3.9.1 “simple mixing”
The slowest method is the “simple mixing”, which converges only linearly.

‘5n(m—l—1)|

——— < const. 3.198
Where 6n(™ is the difference of the density of the m® iteration and the unknown
fix-point, 6n(™ = n(™ — ny. The density for the next iteration is constructed as a
linear combination of n(™ and F{n™} according to:

nm = (1 —a)n™ + aF{n™}
= n™ +aF{n™} (3.199)

« is the so-called mixing parameter. If it is chosen small enough the iteration con-
verges and is very stable. In spin-polarized calculations different mixing parameters
can be used for the charge and the magnetization density. Usually, the spin mixing
parameter can be chosen far larger than the parameter for the charge density. How-
ever, for the type of systems we are interested in « is very small, requiring many
hundreds of iterations.
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3.9.2 The Newton-Raphson Method

In the Newton-Raphson method the functional F{n} is linearized around the ap-
proximate solution n(™.

F{n} ~ F{n™} + 7{n™}(n — n™) (3.200)
Where the Jacobian is defined by:

_ 0F{n(r)}

J{n™(r)} = on(e) (3.201)

n(™ (r)

In actual calculations the Jacobian is a n X m matrix. Similar to the well known
Newton method for one dimensional functions, the next approximation to ng, n(™t1),
is determined from the requirement, that the linearized functional in (3.200) vanishes
at n(™+Y_ Thus, n(™*1) is given by:

p(m+1) — p(m) _ [ J{n(m)}]—l F{nm™} (3.202)

The Newton-Raphson method converges quadratically:

|5n(m—|—1)|

W S const. (3203)

The major drawback of this method is the difficulty to evaluate the Jacobian. Even
if the functional F{n} was know, the evaluation would be cumbersome due to the
enormous size of J{n}. In addition, the Jacobian has to be inverted where the
amount of calculation scales with cube of the dimension. A further problem is that
the convergence radius is rather small so that the method can only be used if n(™ is
already very close to ny.

3.9.3 Quasi-Newton Methods

With the development of the Quasi-Newton methods it became possible to exploit the
advantages of the Newton-Raphson method, i.e. to make use of the information that is
contained in the Jacobian, for problems where the Jacobian cannot be calculated or its
determination is too demanding. Rather than computing the Jacobian each iteration,
an approximate Jacobian is set up and improved iteration by iteration. From the
linearization of F{n} (3.200) we find the following condition for the Jacobian, which
is usually called Quasi-Newton condition:

An(™ = [g(™] 7" AFE (3-204)
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Quasi-Newton methods converge super-linearly

\5n(m+1) ‘

10
|on(™)| ’

and have a larger convergence radius than the Newton-Raphson method. Since the
Jacobian is build up iteration by iteration, the “history” of the previous iterations
is memorized in J, whereas the Jacobian of the Newton-Raphson method depends
only on the previous iteration. In this sense the Newton-Raphson method is self-
corrective [Blii88], it “forgets” inadequately chosen corrections. The Quasi-Newton
methods sometimes need to be restarted, if the iteration converges only slowly. This
can happen if the starting density is very far from ny or when physical or numerical
parameters that affect the calculations are changed during the iteration. Equation
(3.204) does not determine the Jacobian uniquely, instead (3.204) constitutes a system
of n equations for n? unknowns. The various Quasi-Newton schemes differ by the
ansatz how the new information is used to build the inverse Jacobian. The methods
that are implemented in the FLAPW code are discussed in [Pen96].



Chapter 4

Non-Collinear Magnetism

As we have seen in Sec. 2.3 the energy functional of a general magnetic system can
be expressed in two ways. It can be written as a functional of the charge density
n and the magnetization density vector field m or as a functional of the hermitian
2 x 2 density matrix p. The two formulations are completely equivalent. The density
matrix is defined by the following equation:

1 1 n+m, my—imy
p—5n12+a-m_§<mm+imy n—m, ) (4.1)

We can also define the potential matrix in the same way.

(4.2)

V:V12+,U/BO'-B:( V+'LLBBZ NB(Bz_ZBy))

I.I/B(.Bz + ZBy) V - ,U,BBz

Comparing (4.1) with equation 2.17 on page 12 shows that the components of the
density matrix are given by a very simple relation in terms of the solutions of the
Kohn-Sham equation:

N
Pop = D Uy oWup- (4.3)
v=1

In an actual implementation of non-collinear magnetism in a computer program these
matrix quantities are very useful, though they are less intuitive than the “physical”
quantities n, m, V, and B.

Using the potential matrix (4.2), the Kohn-Sham equation (Eqn. 2.18, p. 12)
becomes

h2
{—%vz L+ v} ¥, =, (4.4

The kinetic energy part of the Hamiltonian is diagonal in the two spin directions. It
is only the off-diagonal part of the hermitian 2 X 2 potential matrix, e.g. Vo1 =
pe(B; + iBy), that couples the two components of the Pauli spinor 4,. If the
B-field is collinear, the spin coordinate frame can always be chosen such that the
B-field points in the spin z-direction. In this case V5, and thus the off-diagonal

99
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part of the Hamiltonian, becomes zero, because B, and B, are zero. The notation
Vi =V +upB,, V), =V — ugB, is commonly used for the diagonal elements of V
in the collinear case. Since the two spin directions become completely independent,
the spin-up and down problem can be solved separately in two steps. Each step can
be treated like the non-magnetic problem with the appropriate potential V; or V.
In practice this means that extending a non-magnetic ab-initio program to collinear
magnetism is rather straight forward. In addition collinear calculations are by far less
costly. Since the effort required to diagonalize the Hamiltonian matrix scales with
the number of basis functions to the third power, diagonalizing two small matrices
for each spin is much faster than diagonalizing one matrix of twice the size. It also
requires only 1/4 of the memory to store the matrix. Another advantage arises when
the system has inversion symmetry. In that case the Hamiltonian and the overlap
matrix become real symmetric rather than complex hermitian (cf. Sec. 3.3.4, p. 40).
In a general non-collinear calculation the Hamiltonian matrix is always complex, due
to the complex Pauli matrix oy, i.e. the term ¢upBy in V. A third point is, that
in most cases non-collinearity reduces the symmetry. The consequence is, that the
area of the irreducible part of the Brillouin zone increases. The computational effort
increases linearly with the number of k-points that have to be taken into account for
the Brillouin zone integration. So far most magnetic calculations have been performed
for collinear systems, because such calculations are more simple and significantly less
time consuming.

Since the density functional theory was first proposed, different parameterizations
of the exchange correlation energy €,. have been suggested in the local spin density
approximation (LSDA) and also in the generalized gradient approximation (GGA).
These parameterizations have been developed and mostly used for collinear calcula-
tions. Due to the local character of LSDA ¢,. depends only on the magnitude of the
magnetization (€. = €z.(n, |m|), cf. Sec. 2.4). The environment of a point in space
does not enter into the formula for the exchange energy. Hence, there is no reference
to any direction and €. can only depend on |m|. Therefore, the LSDA can equally be
applied to collinear and non-collinear systems. The application of the LSDA to non-
collinear systems is straight forward. All that needs to be done is to locally calculate
n, |m| and memorize the local direction of m, since the exchange correlation B-field
always has the same direction as the magnetization (cf. eq. 2.22). After this step the
standard parameterizations can be applied. In contrast, in the generalized gradient
approximation the environment of a point in space does enter the formula for e,
through the gradients of the densities. In general the gradients of n, m;, m, and m,
have to be considered. The available parameterization are, however, developed for
collinear calculations and hence consider only the gradients of the scalar quantities n
and m. Therefore, these parameterizations are in principle not applicable to a non-
collinear system. In practice the GGA can be used in a approximate way, because
the contribution of the gradient of n is more important than the gradients of the
magnetization. There are two possible quantities to feed into the parameterization
in replacement of the gradient of m of a collinear calculation: (i) the gradient of the
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magnitude of the magnetization vector field, (ii) the gradient of the projection of the
magnetization vector field onto the local direction of the magnetization. We have
chosen the first option.

All results in the present work have been obtained within the scalar relativistic
approximation, i.e. the spin-orbit coupling (SOC) is neglected. This has important
consequences for the symmetry groups that have to be used. The spin-orbit coupling
and the dipole interaction, which is usually treated classically, are the only terms
in the Hamiltonian that couples real space and spin space. Only these parts of the
Hamiltonian create a relation between the spin and the spatial coordinates. When
the spin-orbit coupling and the dipole interaction (both terms are of similar size in
the systems under consideration) are neglected, real space and spin space can be
regarded as completely independent. For this purpose generalized groups, the spin
space groups (SSG), have been introduced [BE66, San91]. The action of a SSG
operator {ags|ag|t} on a two-component spinor can be defined by

{as|ar/t}y(r) = Ulas)p({arlt} 'r) = Ulas)p(ag't —ag't),  (4.5)

where 1) is a two-component spinor, U is the spin 1/2 rotation matrix (cf. ap-
pendix A), as and ap are the spin and space rotation, respectively, and t is a space
translation. Under the restriction g = ar we return to the definition of the opera-
tions of the usual space group. The operators of the space group are thus a subset
of the SSG operators. The condition ag = ap implies that the spin and the space
coordinates are transformed in the same way. This property is required for operations
that leave the Hamiltonian invariant when SOC is taken into account. The relative
angle between the lattice and the spin is important in this case. However, when SOC
is neglected ag and ag can be different. This is a very important feature of the SSG
and it is a prerequisite for the treatment of incommensurate spin-spirals within an
ab-initio calculation. A more comprehensive discussion of this topic can be found in
a review article by L. M. Sandratskii [San98].

4.1 Constrained magnetic moments

In general, an arbitrary magnetic configuration given by a set of local (atomic) mag-
netization directions are not extrema of the total energy functional F [n(r), m(r)].
The exceptions are high symmetry states, like the ferromagnetic state, the antifer-
romagnetic state, a certain class of spin-spiral states and also some more complex
non-collinear states like the Néel state of the triangular lattice. Therefore, an gen-
eralization of the density functional theory is necessary to be able to deal with ar-
bitrary magnetic configuration, i.e. configurations where the orientations of the local
moments are constrained to non-equilibrium directions. Dederichs et al. [DBZA84|
extended the density functional theory to systems that are subject to arbitrary con-
straints. The basic idea is to minimize the energy functional enforcing the constraint
condition, i.e. to find the lowest energy state compatible with the constraint. The
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constraint can be taken into account by a Lagrange parameter in the energy func-
tional. Enforcing the constraint that the direction of the average magnetic moment
of atom « is fixed to €* yields the energy functional

E[n(r),m(r)|{&°}] = En(r), m(r)]

+uB ; B {/MTa m(r)d3r —& (éa . /MT‘" m(r)d3T> }
= Bln(r),m(r)] + 25 B2 - (M - Mg}

— Bln(r),m()] + up Y B - M2, (4.6)

where E[n(r),m(r)| is the energy functional of the unconstrained system and the
local (integrated) moment M® and its parallel and perpendicular components, M#
and M9, have been introduced. Physically, the Lagrange parameter is a magnetic
field. Minimizing (4.6) with respect to the wave functions yield the Kohn-Sham
equations inside the muffin-tin sphere a, which contain an extra contribution.

2
{_2h_mv2 T V;ff(r) + ugo - Beff(r) + upo - (B? — éa(éa . Bg))} ¢1(r) = ei'()bi(r)

(4.7)
The extra term, ugo - (B — é%(é* - BY)) is always perpendicular to é* so that B
can be assumed to be perpendicular to é* without loss of generality. By means of the
Hellmann-Feynman theorem the change dE of the energy due to a directional change
dé” is given by the classical result

dE = —jup M{(6%)B2 () - dé. (4.8)

M} is the projection of the local (integrated) moment of the muffin-tin sphere o onto
e, M = €% - [yra m(r)d3r. The difference vector dé* is perpendicular to €*. The
factor g, which was already present in Eqn. (4.6), appears in the in the Hellmann-
Feynman theorem because of the definition of the magnetization density and the
magnetic moment. In the context of ab-initio calculations the (z-component) of the
magnetization density is commonly defined as m, = ny—n,, and we define the density
matrix (4.1) in that spirit. However, the standard definition of the magnetization
density in electrodynamic is: m, = —pug(ns — ny).

Demanding that the perpendicular component of the local moment M¢ vanishes
is not the only way to formulate a constraint to the direction of the local moment.
There are several alternatives. A formulation that differs only formally from the con-
straint of equation 4.6 is to require that the crossproduct M“ x &* vanishes. M¢ x €%
has the same magnitude as M¢ but is perpendicular to M. Using this constraint the
additional tern in the energy functional for each atom would be B - (M® x &%). Ap-
plying the Hellmann-Feynman theorem we find that the change of the energy is given
by dE = —pupM® - (B2 x dé*). Therefore, the constraint field can be interpreted as a
torque acting on the magnetic moment, in the spirit of the derivation of Antropov et
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al. [AKvSH95, AKH"96]. Stocks et al. [SUWT98, UWNT'99] performed constrained
local moment calculation, where they used the approximation that the constraint
field has the same functional form as the exchange correlation B-field, rather than
being a constant. Within that approximation the constraint field can be written as
the exchange correlation B-field times a scaling factor ¢. Of course, the direction of
the constraint field €9 is perpendicular to B,, which is parallel to the local quanti-

zation axis €*. They write the constraint field as B%(r) = cé% B2, (r), where B2, (r)
is the magnitude of the exchange correlation B-field, B, (r) = &{Bg,(r). A much
stronger constraint condition than those discussed so far would be to demand that
the magnetization density m(r) is parallel to é* in every point inside a muffin-tin
sphere. This constraint would result in a constraint field that depends on the position
in the muffin-tin.

In an actual constrained local moment (CLM) calculation n(r), m(r) and B2
have to be determined self-consistently. n(r) and m(r) are calculated in the usual
self-consistency cycle. At the same time the local constraint fields B¢ have to be
adjusted, until the constraint condition [;;7. m(r)d3r —&* (&* « [1;r. m(r)d®r) =0 is
fulfilled. At the end of such a calculation we obtain the self-consistent densities and a
set of local constraint B-fields that make the integrated magnetization perpendicular
to the local spin quantization axes €* vanish in each muffin-tin sphere. The total
energy of the system is given by the constrained energy functional (4.6). Since B%
is always perpendicular to €* the extra contribution to the total energy is [;;7. BS -
m(r)d3r. However, the effective B-field that enters the Hamiltonian in the the muffin-
tin sphere of atom « is given by Bg;,(r) = B, (r)+Bg,;(r)+Bg. Therefore, the above
contribution to the total energy cancels with the contribution of the constraint field
to the kinetic energy (2.25). Thus, the constraint field does not enter the expression
for the total energy (2.28) explicitly, but it enters implicitly through the eigenvalues
¢; and through the self-consistent densities.

4.2 Spin-Spirals

A magnetic structure with moments that are rotated by a constant angle from atom
to atom along a certain direction of the crystal is called a spin-spiral. This can be
described by a reciprocal lattice vector, the spin-spiral vector q. The rotation angle
of the magnetic moment of an atom at the position R" is then given by ¢ = q - R".
The magnetic moment of an atom at the position R" is given by

M" = M(cos(q - R™) sin ¢, sin(q - R") sin 9, cos ¥) (4.9)

Spin-spirals are also frequently called spin density wave, or more specific spiral spin
density wave, to distinguish from the longitudinal spin density waves, or frozen
magnons. The origin of the last term is that a spin-spiral looks like a “snap shot”
of a single magnon at a fixed time. Spin spiral calculations can therefore be used to
simulate the effect of temperature on a magnetic system. In particular at very low
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temperatures, when magnons with long wavelength dominate. Without the applica-
tion of the generalized Bloch theorem, which I will discuss in Sec. 4.3, the investigation
of such magnetic structures requires very large unit cells. Another possible applica-
tion of spin-spirals is the simulation of domain walls including the calculation of the
formation energy. In general, it can be said that among all possible magnetic states,
besides the high-symmetry magnetic states, i.e. ferromagnetic of antiferromagnetic
configurations, the spin spirals are the next class of relevant spin states. It is believed,
that they cover a large and important part of the phase space of possible spin states.
Though there are many possible applications for spin-spiral calculations, it was the
discovery of a spiral ground state structure in fcc iron [Tsu89] and 4f and 5f metals
[NMOO] that gave rise to many theoretical studies [MLSG91, USK92].

In addition to the spin-spiral vector q there are two more parameters needed to
define a spin-spiral uniquely, the rotation axis and the relative angle ¥ between the
magnetic moment and the rotation axis. Fig. 4.1 shows four examples of spin-spirals
with spin-rotation axis perpendicular (upper two) and parallel (lower two) to the spin-
spiral vector q and different angles between the spin-rotation axis and the magnetic
moment. The spin-spiral vector q is a vector in the real space coordinate frame, while

Figure 4.1: Four examples of spin-spirals with spin-rotation axis perpendic-
ular (upper two) and parallel (lower two) to the spin-spiral vector q. For each
case two spirals with angles of ¥ = /2 and ¥ = 7/4 between the magnetic
moment and the rotation axes are shown.
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the spin-rotation axis is a direction (vector) in the spin-coordinate frame. Since
these two coordinate frames become totally independent when spin-orbit coupling
is neglected, the angle between the spin-spiral vector q and the spin-rotation axis
becomes meaningless. In that case the two spirals at the top and the two spirals
at the bottom of Fig. 4.1 become completely equivalent. However, the spin spirals
with different ¥ do not become equivalent. ¥ is still a well defined quantity, if SOC
is neglected, because the rotation axis is a vector (direction) in spin space. In the
next section it will be shown that a very elegant treatment of spin-spirals by first-
principle calculations is possible when a generalized Bloch theorem [Her66, San86] is
applied, that will be discussed in the next section. However, this theorem can only
be proven, when SOC is neglected. For this reason the spin-rotation axis will always
be considered as parallel to the z-axis of the spin-coordinate frame. Thus, only the
m, and m, components are rotated, while m, does not change.

4.3 Generalized Bloch Theorem

In the case of an incommensurate spin-spiral the periodicity with respect to lattice
translations along the direction of q is lost. This is a major problem for ab-initio
methods that rely on the translational periodicity. However, when spin-orbit cou-
pling is neglected all atoms of the spiral structure are equivalent. The magnitude
of the magnetic moment of each atom is the same and they all “see” the same local
environment, i.e. the relative angles between the local moment and the moments of
the neighbors are equal. Only the angle between the local moment and the lattice
changes from site to site, but that is only significant in the presence of SOC. This
leads to a generalization of the Bloch Theorem[Her66, San86].

Let us consider a spin-spiral structure in a crystal without an external magnetic
field and take the rotation angle ¢ = q - R™ to be counterclockwise. The only term
of the Hamiltonian that changes from site to site is the exchange correlation B-field
B,., i.e. the matrix potential V = VI, + ugo - B,.. Hence, the Hamiltonian satisfies
the relation

H(r + R") = U(qR™)H(r) Ut (qR™). (4.10)

As pointed out in the previous section the rotation axis can always be taken to be
along the spin z-axis. Thus, the spin 1/2 rotation matrix (cf. appendix A) has the

form
n el 0 n
viar) = ()" e ). emawe (4.11)

Keeping these properties of the Hamiltonian in mind we can define a generalized
translation, 7, = {—qR"|¢/R"}, that combines a lattice translation and a spin rota-
tion. Here € denotes the identity operation. These translations are members of the
SSG but not of the usual space group, since the rotation in spin space differs from
the rotation in real space. Applying a generalized translation to H1 yields

TH@)Y(r) = U(-qR™H(r +R")U(—qR")U(-qR")¢(r + R")
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= H(r)U(—qR")p(r + R"). (4.12)
Thus, the generalized translation commutes with the Hamiltonian:
T.H =HT, (4.13)
It can be shown that the generalized translation operations satisfy the relation
TnTm = TuTn = Toim (4.14)

In analogy with the proof of Bloch’s theorem in the textbook by Ashcroft and Mermin
[AMT6] it follows that the eigenstates can be chosen such that

Tap(k,r) = U(-qR")p(k,r + R") = ™5 (k, 1). (4.15)

This formulation of the generalized Bloch Theorem is equivalent to the statement
that the eigenstates of the Hamiltonian can be written in the form

_ ikr [ €9 a(k, )
¢(ka I‘) =€ ( 6+iq'r/2,8(k, I') ) (416)
where a(k,r) and S(k,r) are functions with translational periodicity, e.g. a(k,r) =

a(k,r + R™). We will prove the equivalence of (4.15) and (4.16) in two steps.
(i) (4.16) = (4.15)
G0 e (€I (ke + RY)
7;l¢(k, I') = ( 0 efiq-R"/Z ) € e+iq'(r+Rn)/2,3(k,r + Rn)
= *Ry(k,r) (4.17)

(ii) (4.15) = (4.16) o and B can always be defined to be

wl (k, I') '1112 (k I‘)

ollor) = Theame PloT) = e

(4.18)

where 9, and 1; are the two components of the spinor @. Now it remains to
be proven that o and § are periodic. Starting from (4.15) we find

( eiq-R”/2 0 ) ( ei(k—q/2)(r+R")a(k’r+Rn) ) B

0 e—iq-R"/2 e’i(k+q/2)(r+R”)B(k’ r4 Rn)

CRP ’L(k q/2)r (k I._|_Rn)
e k-|-q/2 1' (k I‘—l—Rn)

ik-R" ei(k_q/z)ra(ka r+R") | _ arn itk=a/2)x a(k,r)
= e ei(k+q/2)r5(k, r-+ Rn) =€ 'L(k—|—q/2 r ( ,I')
~ a(k,r+R" =alkr), Bkr+R")=4kr). (4.19)

The fact that o and 3 are periodic functions is very important for the implementation
of the spin-spiral into the FLAPW method. The FLAPW method relies on plane wave
expansions and Fourier Transforms. Therefore, it is necessary to formulate the theory
in terms of periodic functions.



Chapter 5

Implementation of Non-Collinear
Magnetism into FLAPW

The first non-collinear ab-initio calculations for a periodic solid were performed us-
ing the Korringa-Kohn-Rostoker (KKR) method [SG86, SG89] and the Augmented
Spherical Wave (ASW) methods [KHSW88a, KHSW88b, SHK89|. Later calculations
used the Linear Muffin Tin Orbital (LMTO) [MLSG91, MLSG92] method. All of
these methods have one common feature, they use cells (spheres) around each atom.
Every point in space can thus be associated uniquely with an atom. The implemen-
tation of non-collinear magnetism is done in a way that allows only one direction
of magnetization per atom, i.e. the direction of the magnetization density m is not
allowed to change within one sphere, but varies only from sphere to sphere. Never-
theless, the magnitude of the magnetization density can change within a cell.

m(r) = m(r — p®)é® (5.1)

Here p® is the position of the atom « and é* is the direction of the local magne-
tization. We call this the atomic sphere approximation for the direction of mag-
netization. It agrees with the intuitive picture that each atom carries a magnetic
moment and these moments differ between the atoms. Such methods describe only
the inter-atomic non-collinearity. However, in general the direction of the magnetiza-
tion changes continuously from site to site, though, in many cases, the deviations from
the main atomic direction are only significant in a region between the atom, where
the magnitude of the magnetization is rather small. The first calculation that treated
the magnetization as a continuous vector quantity was published by Nordstrom et
al. [NS96]. They followed the most general approach allowing the magnetization to
change magnitude and direction continuously, i.e. even within an atom. Thus, their
implementation, that is based on the FLAPW method, allows them to also investigate
the intra-atomic non-collinearity.

We are interested in the non-collinear magnetism of 3d transition metals at sur-
faces and in open structures. The intra-atomic non-collinearity is expected to be
small for theses systems and we are mainly interested in the inter-atomic non-collinear
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magnetism. However, it is difficult to use a pure inter-atomic treatment of the non-
collinearity in the FLAPW method due to the representation of the magnetization
within the FLAPW method. In the interstitial and the vacuum region the potential
and the magnetization are expanded into plane waves. Points that lie in these regions
cannot be assigned to an atom uniquely. Therefore, the magnetization is treated as
a continuous vector field in the interstitial and in the vacuum regions, while inside
each muffin-tin sphere we only allow for one direction of magnetization. This “hy-
brid” approach is illustrated schematically in figure 5.1. The ratio of the volume
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Figure 5.1: Schematic illustration of the representation of the non-collinear
magnetization density within the present approach. The magnetization is
treated as a continuous vector field in the interstitial region and in the vacuum.
Within each muffin-tin the magnetization has a fixed direction and can only
vary in magnitude. For a better illustration the muffin-tins have been chosen
much smaller than in actual calculations.

in which the magnetization is treated as a continuous vector field and the volume
of the muffin-tins, in which the atomic sphere approximation of the magnetization
direction is applied, can be changed by changing the muffin-tin radius. We performed
non-collinear calculations with different muffin-tin radii to investigate the validity of
this approximation. The result of these test calculations are discussed in Sec. 5.4.2
(Fig. 5.4) and 6.3.3. The method can be extended to full vector field treatment of
the magnetization density everywhere in space. To achieve this it would be necessary
to calculate the components of the magnetization that are not parallel to the local
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quantization axis of an atom and to include the corresponding components of the
B-field into the Hamiltonian. If that was done the implementation would still differ
from that of Nordstrom[NS96], because Nordstrom uses different basis functions in
the muffin-tin.

The FLAPW method for collinear calculation uses two sets of radial basis func-
tions inside the muffin-tin spheres, one for each spin direction. For each spin direction
they are set up using the spherical part of the corresponding potential, V; or V|, and
the corresponding energy parameter, Ej or Ey. It is still possible to work with
V4 and V| in the non-collinear case, since we restrict the magnetization to the local
quantization quantization axis. Therefore, a local spin-space coordinate-frame is in-
troduced with the z-axis parallel to the local quantization axis. V} and V| are now
spin-up and -down with respect to the local axis. Since both, the potential and the
basis functions, are set up in terms of the local spin-coordinate frame, the determina-
tion of the basis functions and calculation of the integrals of these functions with the
Hamiltonian inside the muffin-tins is completely unchanged. The changes come in,
when the basis functions inside the muffin-tins are matched to the plane waves in the
interstitial region, because the local spin-coordinate frame S¢ is rotated with respect
to the global frame SY9. Finally, it is important to realize that these rotations are
only applied to the direction of the magnetization, i.e. the spin space. The real space
is not affected at all by the rotations. In particular, no rotation has to be applied to
the coordinate r or the spherical harmonics Y7.

5.1 Setup of the Hamiltonian Matrix

The FLAPW method uses augmented plane waves as basis functions. Therefore, each
basis function can be uniquely identified by is wave vector G and the spin direction.
The basis functions in the interstitial region are:

e’i(k'f’G)l‘Xg (5.2)

9 is a two component spinor. The index g has been added to notify that x? is
the representation of this spinor in the global spin frame (cf. appendix A). This
representation of the basis functions is used for both collinear and non-collinear cal-
culations. However, the potential matrix V, and thus the Hamiltonian, is diagonal
in the two spin directions in the collinear case. Therefore, the Hamiltonian can be
set up and solved separately for the two spin directions. In the non-collinear case
the off-diagonal part of V is not zero anymore. Hence, the full Hamiltonian for both
spin directions has to be set up and solved in a single step. In the vacuum we also
use the global spin frame for the representation of the basis functions. The basis
set is only changed in the muffin-tins, because we use a local spin coordinate frame,
which is rotated with respect to the global frame. The consequence is that, when
the plane waves are matched to the functions in the muffin tin spheres, each spin
direction in the interstitial region has to be matched to both, the spin-up and -down
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basis functions, in the sphere. Thus, the basis set has the following form.

( i(GH)r X2 Tnt.
G .G 1 r
o (k)= (AF0kuo" (ky, 2) +B (k) )io " (K|, 2)) €SI x¢ - Vac,
>3 (A (K)wi(r) +Blgya (K)in(r)) Yi(F) Xon  MTp
\ 0% L
(5.3)

The sum in the muffin-tins is over the local spin directions. The A- and B-coefficients
depend on the local and the global spin.

The global spin-coordinate frame SY can be transformed into the local frame by
a rotation, given by the Euler angles («, 3,0). In this case, the Euler angles are
equivalent to the polar angles of the local quantization axis in the global frame,
a = ¢, B = 9. The magnetization density and the magnetic field, seen from the
global frame, m®(r) and B®(r), are related to the same quantities seen from the
local frame by

mag(r) — Ragl mal(r)
BY(r) = R* B%(r). (5.4)

where the index « indicates, that this corresponds to quantities inside the muffin-tin
of atom type a. The Pauli spinors transform according to

Xag — Uagl Xal. (55)

The matrices R and U?% are explained in appendix A, p. 189, on coordinate frame
transformations, which also contains our definition of the Euler angles.

In the collinear case the radial functions u$. and 4 ' are determined as solutions
of the radial Schrodinger (scalar-relativistic) Eqn. (3.2) (3.41), including the spin-
dependent potential V. Thus, the basis functions inside the muffin-tins are linear
combinations of

up (r) Yo (®)xg, i (r)Yo(#)x3,
up (M) Yo (#)x§,  af (r)Yo(®)x 7, (5.6)

where L abbreviates Im, and

=) =)

Afterwards, the spin-dependent ¢-matrices (3.61 — 3.64) are calculated. This whole
procedure remains completely unchanged in the non-collinear case, with the only dif-
ference, that spin-up and -down means up and down in terms of the local quantization

! The radial functions are denoted u only for convenience. In the actual calculations the scalar-
relativistic approximation is employed, and therefore the large component of the radial function is
used here.
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axis. Consequently, the muffin-tin basis set becomes

u(r)Yo(B)x5?,  ah(r)Yo(®)xs?,
ug (M) YL (B)XT?, g (r)Yo(®)x(?, (5.8)

with

== B — B
og _ Uagl X?l — (e ; C.OS(ﬂ2 )), Uagl ¢ _ ( e ()2 )) ) (5‘9)
2

er cos(g

The next step is to connect the plane waves, representing the basis functions in the
interstitial region, to the muffin-tin basis, with the aim of forming a set of continuous
and differentiable basis functions. In the collinear case the plane waves with spin o
are connected to the muffin-tin basis functions with the same spin only. Hence, the
boundary conditions that have to be satisfied on the muffin-tin sphere are:

I = 3 (455 0us () + BEF MG (0) iExe (.10

In the non-collinear case each function in the interstitial couples to both, spin-up and
-down, in the muffin-tins. Therefore, the boundary conditions become:

e = 303 (Alge (R)ufa (r) + Biopa (W)ifye () Ya(®xg?  (5.11)

o® L

In order to calculate the A and B-coefficients, we multiply equation 5.11 with (x{7)*
or (x|?)*, which yields

SO () g = 3 (A4S (e (1) + Bl (W)ifoa (1) V(). (5.12)
L

Comparing this equation with Eqn. (5.10) shows, that the non-collinear A- and B-
coefficients can be expressed in terms of the collinear coefficients.

ARG (k) = (x3)"x, A4S (k)
B¥S . (k) = (x20)'x, BiS (k) (5.13)

Similarly, the contribution of the muffin-tin of atom p HG.2.%7 (k) to the non-collinear
Hamiltonian H®'7'G?(k) can be expressed in term of the muffin-tin contribution

HSGS (k) to the collinear spin-dependent Hamiltonian HS € (k).
HER00 = [ (3 (A5 0005 0) + BLE W0, 1) Vit ) Harnn
LI

(Z (ALG (k)ufs (r) + BEg (k)igy (r)) YL(f')XU) dr (5.14)

L
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In the non-collinear case an additional summation over the local spin ¢ has to be
performed.

HyuS (k) =

/. (ZZ( 15 g (Vg (1) B g (K)o (7)) Vi (6 )xaa,) Harrs

(305 (A0 00 + B (i () V) 6.5

However, H 7w is diagonal in xg4, and (xoa/)*Xoe = 0ser0a. Hence, 5.15 becomes:

HEE () =

2 /MTP( 3 (A4S e () e (1) + Blttor g (k)i e (7)) Yoo (B )Xaa) Hourrn

(Z (Afgsa (K)ufya(r) + Blpya (K)ifya (r)) Ya (2 )XUD‘) d’r (5.16)

L

Using 5.13 and the fact that (x22)*Hyrexod = HES o (k) 5.16 simplifies to:

HE257(k) =Y ((x20)*Xor)* (X22)* Xo Hsr i e (K) (5.17)

o-a

In complete analogy the muffin-tin contribution to the non-collinear overlap-matrix
is given by:
Sar? (k) = (X)X ) (X62) " Xo St () (5.18)
In the interstitial and vacuum region we work within the global spin coordinate
frame. Hence, the Hamiltonian matrix can be set up directly according to

1o h?
HGU Go = /(p*G,O' {—%V2 12 + V} go(;,ad?’r (519)

Because the basis functions are either pure spin-up or spin-down in the interstitial
and the vacuum the contribution to the overlap matrix and the contribution of the
kinetic energy term to the Hamiltonian matrix are diagonal in spin. Thus, the only
quantity that needs to be calculated in a non-collinear calculation which is not needed
in the collinear case is the integral of the basis function with the off-diagonal elements
of the potential matrix. However, that integration can be performed in exactly the
same way as the integrals including the diagonal parts of the potential matrix, with
the sole difference that the off-diagonal part is in general a complex quantity.

In the interstitial region the step function that “cuts out” the muffin-tin spheres
has to be taken into account (cf. Sec. 3.3.3). The product of the step function with
the potential matrix is calculated separately for each part of the potential matrix.
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The procedure of calculating (V©)ge, is precisely the same as described in Sec. 3.3.3.
Once (VO)gyo is calculated the Hamiltonian and overlap matrix are given by

o h?
HFI\?’IG (k) = (Vcra' @) G-G') + 500' (GI + k)2® G-G')

‘SVIG]\}T’_'IC’:”7 = 50’0’@((}—(}’) (520)
In contrast to the muffin-tin the vacuum basis functions couple only to one spin

direction in the interstitial region , because they are set up in terms of the global
spin frame. In addition to the spin diagonal parts, integrals of the form (cf. 3.96)

IéllGilGﬁ (k”) /UG”a(kH; z)uGha’ (k”, Z)VGil’aa’ (z)dz, Cen (5.21)

that also take into account the off-diagonal part of the potential matrix have to be
calculated. The t-matrices (cf. 3.92) become

g;“ag, (k) = IG”f;g (c-a)) () + 66,6050 Buacrs - (5.22)
Finally, the Hamiltonian and overlap (cf. 3.100) matrix are given by

Hy %7 (k) = (Aco(k)))'t&/& (k) Ao (ky) + -

SP7CT (k) = (Aco(k) Aera (K )dcy 6y o0 + - (5.23)

5.2 Construction of the Charge and Magnetiza-
tion Density

From solving generalized eigenvalue problem (cf. Sec. 3.1.4) including the full Hamil-
tonian and overlap matrix for both spin direction we obtain the eigenstates of the
non-collinear system. The eigenstates are given in terms of the basis functions (5.3).

=2 %‘, ooy (k)¢ (k, 1) (5.24)

Now the density matrix has to be determined from the eigenstates. In the interstitial
and vacuum region, where we work within the global spin frame, this is done according
to eqn. 4.3. In addition to the diagonal elements of the density matrix that are needed
in a collinear calculation we now also have to calculate the off-diagonal element
p21 = piy- In the interstitial region (3.162) has to be generalized to

PG as(k) = g( (1) 5T (k). (5.25)

As in a collinear calculation (cf. Sec. 3.6.4) the calculation of the density matrix can
be performed more efficiently using fast Fourier transform (FFT) according to the
scheme

S ) 8 g, er) N paslir) 25 paslor) TEI S (K) -

v,
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Similarly, in the vacuum eqn. 3.166 has to be generalized to

pad(2) = ZZZ( kn) A(V,Gﬂ”mi')(kn)w('/ k) ugya(k|, 2)uce 5+ (K, 2)

kv G
P (5.26)

Inside each muffin-tin we need to calculate only the diagonal elements of the density
matrix. By neglecting the off-diagonal part we project the magnetization density onto
the local quantization axis. Therefore, the changes affect only the determination of
the A and B-coefficients of the local spin-up and down basis functions. In contrast
to a collinear calculation each basis function ¢¢ , couples to both spin directions in
the spheres. In other words, each spin direction in the global frame contributes to
both spin directions in the local frame. Thus, a summation of the global spins has to
be performed when the A and B-coefficients of each state (cf. 3.142) are computed.

L 1/0'0‘ Z Z cl/ 0' La'a“ (k)’ L 1/0'°‘ Z Z cu 0' LO'O'O‘ (k) (527)

5.3 Construction of the Potential Matrix

The remaining task that needs to be done in each self-consistency iteration is the
determination of the potential matrix V' from the density matrix p. The poten-
tial matrix can be split up into three contributions, the external potential, which
is usually given by the atomic nuclei, the Hartree potential and the exchange cor-
relation potential. The first two contributions depend on the atomic positions and
on the electron density. They do not depend on the magnetization. Thus, we are
concerned with the exchange correlation potential when generalizing the method to
non-collinear magnetism. If we allowed for a general magnetization vector field every-
where in the unit cell the changes would affect all parts of space, i.e. the muffin-tins,
the interstitial and the vacuum regions. However, since we use a local spin coordinate
frame in the muffin-tin spheres and allow only for a collinear magnetization inside
the spheres, the potential generation in the muffin-tins is unchanged compared to a
collinear calculation. Hence, the changes are in the interstitial and vacuum region.
In these parts of space we work within the global spin coordinate frame and the
charge and magnetization densities are stored in terms of the density matrix p. The
standard parameterizations of the exchange correlation potentials are in terms of the
scalar quantities n and m. In the local density approximation this is not a major
problem, as I have pointed out in the previous chapter. Due to the local character
of the approximation it is possible to calculate the charge density and the magnitude
of the magnetization density at each point in space and then apply the standard
parameterization of the exchange correlation potential. In addition, it is necessary
to calculate and store the polar angles ¥ and ¢ of the local direction of the magne-
tization density, because they are also the polar angles of the exchange correlation
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B-field and are therefore needed later. Starting from the definition of the density
matrix (4.1) we find that the quantities needed are given by:

n(r) = ny(r) +ny(r) = p11(r) + poo(r) (5.28)
m(r) = |m(r)|= \/(mw(l‘))2 + (my(r))? + (m.(r))?
= /(2Re{pn(r)})? + 2Im{par (r)})? + (p11(x) — paa(x))?

my(r) _ Im{px(r)}

my(r)  Re{pa(r)}

\/(m$(r))2 + (my(r))? \/(2R€{le(r)})2 + (2Im{p21(r)})?

tan(d(r)) = m,(r) o p11(r) — paa(r)

tan(¢(r))

nt(r) and n(r) are the spin-up and down densities, which are commonly used to
formulate the collinear theory. Now the LDA parameterization of the exchange cor-
relation potential can be applied yielding V,.(r) and B, (r). Using the the angles
©(r) and Y¥(r) we can retrieve the vector field B,.(r). The effective potential matrix
is then given by the sum of the external potential, the Hartree potential and the
exchange correlation terms (cf. also eqn. 4.2).

V() = (Veal®) + Virlr) + Vel + & - Beelr)

@
Boo(r) = Bu(r) | sin(d(r))sin(p(r)) (5.29)

The procedure of calculating n, m and the angles ¢, ¥ is commonly formulated
in an equivalent way in the literature, e.g. [San98]. The density matrix is locally
diagonal in a spin coordinate system with the spin z-axis along the local direction
of the magnetization. This local spin coordinate system is rotated with respect to
the global system by the angles ¢ and ¢. Thus, calculating n, m, ¢ and ¥ we have
diagonalized p(r) in each point of space by local coordinate transformation. This
rotation of the coordinate system can be done with the spin 1/2 rotation matrices
(A.5). Hence, the density matrix in the global frame can be expressed by the the
diagonal density matrix (in the local frame) and the spin 1/2 rotation matrices (cf.
appendix A).

ag __ 1T109] ’I’ZT(I') 0 alg
pM(r)=U ( 0 mr) U (5.30)
The same applies to the potential matrix.
Vi(r) 0
ag _ 1719l T alg
V¥ (r)=U ( 0 Vi(r) ) U (5.31)

Where Vi = Vegt + Vg + Ve + 7/2By. and V| = Vg + Vg + Ve — h/2B,, are the
spin-up and -down potentials in the terminology of the collinear theory.
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The procedures described above have to be carried out in real space. The rotation
angles ¢(r) and J(r) in general different for every point in space. However, the density
matrix is stored in terms of three-dimensional plane waves in the interstitial region
and two-dimensional plane waves in the vacuum (cf. Sec. 3.5). Therefore, the density
matrix has to be Fourier transformed to a real space mesh on which the angles, n
and m are calculated. The angles are kept on the mesh in order to be used later to
calculate the potential matrix. The whole procedure in illustrated in Fig. 5.2. The

Ne Possion Eqgn. Ves

nT(r)!nl(r) ﬂb nTG’an < <> VTG’VLG
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Figure 5.2: Schematic illustration of the calculation of the potential matrix
in non-collinear calculations. One aim of this implementation was to use the
potential generator of the collinear program (boxed) without changes.

potential generator of the collinear program is enclosed in a box in Fig. 5.2. One aim
of this implementation was to use it without any changes, i.e. to use it as a “black
box”. For this reason the quantities ny, ny and V4, V| appear as intermediate results.

As we have seen in the previous chapter the treatment of non-collinear magnetism
requires a generalization of the GGA exchange correlation potential. The currently
available parameterizations do not take gradients of the the off-diagonal part of the
density matrix, i.e. my and m,, in to account. The current implementation uses the
GGA in an approximate way. The gradient of |m(r)| is used instead of the gradient
of m,(r) = |m(r)| of the collinear problem. A second way to implement the GGA
would be to use the gradient of the projection of m(r) onto the local quantization
axis in each point of space, rather than the gradient of [m(r)|. Comparing these two
approximations could give an idea of how large the contribution from the gradients
of the off-diagonal part of the density matrix are. It should be kept in mind that this
problem exists only in the interstitial and vacuum region, where the magnetization
is rather small. Inside the muffin-tins the standard GGA potential can be applied,
because of the collinear magnetization in this region. Therefore, the corrections are
expected to be small.
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5.4 Constrained local moments (CLM) in FLAPW

The implementation of non-collinear magnetism I have presented in the previous
sections allows us to specify the orientation of the moment for each atom by specifying
the direction of the z-axis of the local spin-coordinate frame. When constructing the
magnetization density m(r) in each self-consistency cycle the components m,(r) and
my(r) in the local coordinate frame are neglected, i.e. the magnetization density is
projected onto the local z-direction. This can be interpreted as constraining the
magnetization density along a prescribed direction. Since these components of the
density are neglected in each iteration the resulting magnetization density is not a
self-consistent solution of the energy functional. Thus, in general the constrained
density functional theory [DBZA84| has to be applied for such calculations.

The method of constrained local moment (CLM) calculations is explained in
Sec. 4.1. There it is shown how constraint is taken into account by Lagrange pa-
rameters, the local constraint B-fields, that enter the energy functional. However,
up to now we have not answered the question of how the local constraint fields are
determined in an actual calculation. As we have pointed out above the BY have to
be determined self-consistently in an iteration scheme. Thus, after each iteration,
or set of iterations that converges n(r) and m(r), a correction to B¢ needs to be
determined.

B¢ .= B¢

c,out — “cyin + AB? (532)
Naturally, we expect AB¢ to be proportional to the perpendicular magnetic moment
in the sphere, M% = [};7. m(r) —&%(&*-m(r))d*r. The proportionality factor should
be chosen such, that BY approaches the self-consistent value quickly, but does not
overshoot. In principle, we best need to know dM¢$ /dB, but this quantity is not
easily accessible. However, if we assume that rotating Bg;; by some angle rotates
M¢* by the same angle, we arrive at the following choice for the correction to the
constraint field,

M7
[Me|
where M® = [;,7« m(r)d’r is the integrated magnetic moment in the muffin-tin and
(Bg;y) is the average effective B-field in the sphere. All quantities on the right-hand
side the output of a self-consistency iteration. To generalize this formula and to
improve the convergence we can add a scaling factor ..

M1
M|

AB; = _‘< ?ff>|

c

(5.33)

ABZ = —ac|[(Bgy)| (5.34)
Our test calculations show that, for systems where the size of the local moment
M| does not change much with B?, the constraint field and the densities can be
converged simultaneously, i.e. the constraint field can be improved according to (5.32)
after each self-consistency iteration for n(r) and m(r). An obvious improvement to
(5.32) and (5.34) would be to use a Newton scheme to find the constraint B-field that

makes the perpendicular moment vanish. However, the test calculations show, that
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the constraint fields converge faster than the charge and magnetization densities. In
most cases a large scaling factor 0.5 < o, < 1.0 can be used. Hence, it does not seem
to be necessary to improve the iteration scheme for B¢.

5.4.1 Hamiltonian setup in constrained local moment calcu-
lations

The implementation described in the previous sections is based on the atomic sphere
approximation (ASA) for the spin direction inside the muffin-tin spheres, as illus-
trated in Fig. 5.1. Thus, the effective B-field, which is given by the exchange correla-
tion B-field alone in all calculations presented in this thesis, is collinear and parallel
to the local quantization axis, Bg;,(r) = Bgy(r)é*. As a consequence, the Hamilto-
nian is diagonal in the local spin directions. Due to this property, the equations for
the contributions of the muffin-tin region to the Hamiltonian and the overlap matrix
(5.17, 5.18) have a rather simple form. However, the constraint B-field is perpen-
dicular to the local quantization axis, B L €%, leading to a coupling between the
local spin directions. Fortunately, the constraint field is constant, and thus spherical,
inside each muffin-tin. Thus, the contribution of the constraint to the Hamiltonian
is diagonal in [ and m, which keeps the computational effort calculating these matrix
elements moderate.
When the constraint field is added, the potential matrix, represented in the local
spin-coordinate frame inside muffin-tin sphere « is given by:
Ve (r) = V(r)Iy+ ppo - (B2 (r)é*) — upo - (B2 &% + B> &%)  (5.35)

T T Yy

Va(r) + /"LBBgc(r) _/-‘LB(Bga: - ZBgy)
_/I’B(ng + ZBg,y) Va(r) - ,U,BB;'C(I') ‘

The constraint B-field can be written as the sum of the x- and y-component in
the local frame, since it is perpendicular to the local quantization (z-) axis, &7, &)
represent the x- and y-axis of the local spin-coordinate frame. As I have already
pointed out, the off-diagonal part of the potential matrix, and thus the Hamiltonian
is given by the constraint field alone. Hence, the additional term in the Hamiltonian

can be written as

[e3 : a\ s a : (63 1’ O-a =
Humruof-a = 050, gar(—pp(Bg, +sign(c®)iBg,)), sign(c®) = { 1L e :I )
(5.36)

Using (5.36), in particular the fact that it is purely off-diagonal in the local spin di-
rections, the additional contribution to the Hamiltonian matrix due to the constraint
B-field is given by

HutuSg_a(k) = Y (—ps(BS, + sign(0%)iBg,))

o-a

fome (3 (42 00 0) 4 B o098 o) Ye®))

LI
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(Z (A4S, () () + BES, o (k)i (1)) YL<f~>) d*r. (5.37)

Substituting (5.13) yields:
HS2.S (k) = Y (—pn(Be, + sign(e)iB2,)) [(x%)" xor)” (422)" 0]

o-a

/ e (Z (AL e () oo (r) + BEZ ga (W)if_pa (1)) Y (f)) |

L'

(3 (4550900 () + BES. (i () Yo ) (539

The A- and B-coefficients are given by:
Figd (k)

. 4 N
ARG (k) = Xp Ty (REK)

Va Wi
en 4 ~ GG (k

B = iR S (539
lo<

where Q is the volume of the unit cell and the Wronskian, F;2$ (k) and G$< (k) are
defined as:

Wia = [ifsa(Rure)ufsa (Rarre) — e (Rure )ifsa’ (Rare)|
Fef(k) = [ifa(Rarre) Kij(Rure K) — e’ (Rasre) i (Rarre K)]
GS(k) = [ufe'(Rure)jt(RureK) — e (Ryre) Kjj(RyreK)|.  (5.40)

Ji is the spherical Bessel function and a ' denotes a radial derivative 8/9r. Now,
we can substitute (5.39) into (5.38). Using the addition theorem for the spherical

harmonics: l
“ ~ 41 ~ ~
20+ 1 —
where P, is the Legendre polynomial, and the fact that [ Y} (£)Y,(F)d2 = 6/ 1 we
obtain:

HG2Se (k) = Y (—ps(B2, +sign(0°)iB,) [(%)" Xo)” (x22)"xo| (5.42)

(4m)? 1 21+1

’i(G*GI)p” P K 'K,
2. 0 We g dr )

(P25 (0 FE00 [us g (r)ua (r)rdr + FES (0GEE () [ oo (r)ifa (r)rdr
GES 0 ()RS (1) [ g () ()2 dr + G2 (R)GES (1) [ o ()i (r)rdr)

The task to calculate these matrix elements can be compared to the determination of
the overlap matrix elements in a non-collinear calculation. The principal differences
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are: i) The constant pre-factor (—ug(Bg, + sign(c®)iBg,)) given by the constraint
B-field and ii) the fact that all terms are cross-terms of the two local spin directions
o® and —o®. Consequently, the radial overlap integrals that appear in (5.42) are the
overlap of the radial basis functions with different local spin character.

5.4.2 Test calculations

As a first test of the implementation of the constrained local moment method we
compared the change of the total energy for small constraint B-fields with the en-
ergy calculated in first order perturbation theory. We performed non-self-consistent
calculations, setting the constraint field to different values manually, rather than
calculating it self-consistently. In other words, we applied small perpendicular B-
fields inside each muffin-tin, using the implementation for constrained local moment
calculations. We tried fields with different magnitudes, which were smaller than the
constraint field necessary to make the perpendicular moment in the respective muffin-
tin sphere vanish. Such fields represent a small perturbation of the system. In first
order perturbation theory the energy difference between the unperturbed and the
perturbed system is given by the sum over the expectation values of all occupied
states of the unperturbed system with the perturbation term of the Hamiltonian. If
we write the contribution to the Hamiltonian due to the perpendicular field within
the local spin-coordinate frame as in (5.36), we find that the energy difference is given
by:

AE = Y3 [ i) (—us (0.BS + 0 By) ) $,()d'r  (5.43)

= —up) M;B;+ M;By.
u

MTH

We performed the test for an unsupported monolayer (UML) of Cr with the symmetry
and the lattice constant of a monolayer on the Ag(111) surface. We used a unit cell
containing two atoms according to the inset of Fig. 5.3. The magnetic moments of the
two atoms are aligned at 90°, so that the configuration consists of alternating rows
of atoms with moments pointing in z- and x-direction respectively. We chose the
theoretical LDA Ag lattice constant of 7.79 a.u. The k-point set that we employed
corresponds to 180 points in the full two-dimensional Brillouin zone, the planewave
cutoff was set to Kpnqz = 3.3 a.u.”! leading to a basis set with about 130 basis function
per atom and the muffin-tin radius was chosen as large as possible, Ry = 2.75 a.u.
We applied the LDA parameterization according to Moruzzi, Janak and Williams
[MJWT8|.

From a self-consistent calculation without a constraint field we obtained small
perpendicular moments of about 0.12 pp inside the muffin-tin spheres. The di-
rection of the perpendicular moments is shown in the inset of Fig. 5.3, indicating
the tendency of the system to evolve into a state of alternating antiferromagnetic
rows. The local spin-coordinate frames of each atoms was chosen such that the per-
pendicular moments point along the x-axis of the local frame. Starting from the
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Figure 5.3: The total energy difference (solid circles) and the product
upM2Bg (open circles) is plotted as a function of the applied perpendicular

B-field (BS). The triangles show the perpendicular local magnetic moment
(M)

self-consistent charge and magnetization densities we performed non-self-consistent
calculations where we applied a perpendicular field also in x-direction and with the
same magnitude in each muffin-tin. Fig. 5.3 shows the change of the energy as a
function of the applied perpendicular B-field (solid circles). For very small fields this
energy difference is in excellent agreement with the energy difference calculated in
first order perturbation theory (open circles) according to Eqn. (5.43). But already
for field as small as 20 meV/up? the calculated energy starts to deviate from the
result of the perturbation theory. In first order perturbation theory the effect of the
change of the eigenfunctions due to the perturbation is neglected. As a measure for
that change we can take the output perpendicular moment of the calculation, which
is also shown in Fig. 5.3 (solid triangles). It can be seen that M2 decreases linearly
with increasing field. At a field of about 60 meV/up it has already decreased to
half its original size. Hence, the result, that first order perturbation theory is only
accurate for very small B-fields, is not surprising.

As a second test we compared the calculated total energy to the energy obtained

2For comparison: the average exchange correlation B-field is about 2500 meV /up inside the
muffin-tins.
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Figure 5.4: The total energy of an UML Cr with Ag(111) geometry as func-
tion of the angle of the local moment. The plot contains the results of two
calculations with different muffin-tin radii of Ry = 2.75 a.u. (solid sym-
bols) and Ry = 2.0 a.u. (open symbols). Shown are the calculated total
energy relative to the ferromagnetic energy (circles), the product of the local
moment and the constraint B-field, —upM)(a)B.() (triangles), and integral
of —upM(a)B.(c) (squares).

from the constraint B-fields using the Hellmann-Feynman theorem. Eqn. (4.8) can be
used to calculate the energy difference between two magnetic states by an integration
over a path of magnetic configuration that connects the two states. This method has
been used by Oswald et al. [OZD85] to calculate the magnetic energy of 3d-impurity
pairs in Cu, Ag and Pd. We chose the same system, the UML Cr/Ag(111), as in the
previous paragraphs, using the same computational parameters. As starting and final
states we consider the ferromagnetic and a row-wise antiferromagnetic configuration.
Rotating one of the two atoms in the unit cell, as illustrated in the inset of Fig. 5.4,
yields a path connecting the two magnetic states. This path is described by a single
parameter, the angle «. If o is changed by an infinitesimal step da, the change of the
direction of the local moment dé is always parallel to the local constraint field BY in
such a configuration. Now the Hellmann-Feynman theorem (4.8) can be integrated,
yielding an equation for the energy difference between the ferromagnetic state and a
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state with angle o between the magnetic moments:
E(a) - BE(a=0) = / — 1M (@) Bo(a)da. (5.44)
0

The result of the test calculation is shown in Fig. 5.4. The graph shows the
calculated energy difference (solid circles), the product —pupM|(a)B.(cr) (solid tri-
angles) and the integral of the latter quantity (solid squares). The energy decreases
with increasing angle. It shows a cosine like behavior as expected from the near-
est neighbor Heisenberg model for an antiferromagnetic material. The shape of
the —upM|(a)B.(a) curve is dominated by B.(«). M|(c) is almost constant. It
changes only within a range of 4.1 up — 4.2 pup. M) () also changes very little (less
than 1 %) from a calculation with the constraint field switched off to a constraint
calculation. The symmetric magnetic states, ferromagnetic and antiferromagnetic,
represent extrema of the total energy. Hence, they are stable magnetic solutions.
Consequently, the constraint field, and thus —upM)(a)Bc(c) is zero for @ = 0 and
a = 7m. —pupM)(a)B.() is a continuous function, that reaches a maximum at an
intermediate angle slightly smaller than 7/2.

The integral of —upM)(a)Bc(c) exhibits the same behavior as the total energy,
but has a slightly smaller magnitude than the calculated total energy difference. At
the final (antiferromagnetic) state the two curves differ by about 9 %. We have
not completely understood the origin of the deviation. We suspect that is might be
due to incomplete-basis-set corrections. The Hellmann-Feynman theorem is based
on the fact that the functional derivative of the total energy with respect to the
(components) of the density (-matrix) vanishes, 6E/dp = 0, because p is already the
groundstate density and minimizes E. Therefore, only the explicit dependence of the
energy on an external parameter has to be taken into account when differentiating
the energy with respect to the parameter. In our case this parameter is the direc-
tion of the local moment. However, in methods like the FLAPW method the basis
set depends on the external parameters. The corresponding corrections are called
the incomplete-basis-set corrections. Such corrections play an important role in the
calculation of the atomic forces [YSK91]. In fact, in atomic force calculations the
incomplete-basis-set corrections are usually even larger than the Hellmann-Feynman
force. Recently, Grotheer and Fahnle have derived an expression for the incomplete-
basis-set corrections to the torque acting on the localized magnetic moments [GF98].
They have performed calculations similar to that presented in Fig. 5.4 on bcc Fe and
found that the corrections are about 2 % of the size of the Hellmann-Feynman torque.

The basis function of the FLAPW method in the interstitial region are plane-
waves. Thus, the basis set is independent of the local quantization axis €* in that
region. Hence, changing the muffin-tin radii R$;r should have an effect on the size
the incomplete-basis-set corrections. To gain an indication whether the incomplete-
basis-set corrections are the cause of the difference between the calculated total en-
ergy difference and the energy difference obtained from the Hellmann-Feynman the-
orem, we have repeated the calculation with a much smaller muffin-tin radius of
Ry = 2.00 a.u. With this choice the volume covered by the muffin-tin spheres is
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reduced by more than 60 %. The result of this second calculation is also shown in
Fig. 5.4 by the open symbols. The product —upM(a)B.(«) is changed considerably.
The energy difference calculated from the Hellmann-Feynman theorem is now about
6 % to large, i.e. the deviation has changed the sign and its magnitude has become
smaller. This result supports the idea that the deviation is due to the incomplete-
basis-set corrections. However, to definitely settle this point, calculations including
these corrections would be necessary. Such calculations remain a future project.

Stocks et al. [SUW198 UWN™99] chose bec Fe to test their implementation of
constrained local moment calculations. Also Grotheer and Fahnle [GF98] used the
same test system for their implementation of the incomplete-basis-set corrections to
the Hellmann-Feynman torque on the magnetic moments. Therefore, we repeated
the test for bce Fe using the same geometry as Stocks et al. In particular, we used
the same LDA lattice constant of ag = 5.27 a.u. Our k-point set corresponds to
2016 k-points in the full three-dimensional Brillouin zone. The planewave cutoff was
set t0 Kpmae = 4.0 a.u.7! leading to a basis set with about 80 basis functions per
atom. We chose a muffin-tin radius of Ry = 2.25 a.u. To compare with the result
of Stocks et al. we started with an unconstrained calculation. In such a calculation
the magnetization density is projected onto the local quantization axis €% inside
the muffin-tins after each iteration, i.e. the perpendicular magnetic moment M¢ is
neglected. Although these calculations can be converged to a stable solutions, the
result is not self-consistent is the sense that the direction of the output magnetic
moment is not equal the direction of the input moment, &5, # &5, = &°.

The results of the bce Fe calculations are presented in Fig. 5.5. Panel b) con-
tains the parallel magnetic moment M) () (open diamonds) and the perpendicular
(output) moment M, (a) (open triangles). Our results are not in agreement with
those of Stocks et al. In particular, we find that the moment decreases strongly, by
more than 50 %, when it is rotated towards the antiferromagnetic state. Stocks et al.
obtain a very similar magnetic moment for the ferromagnetic state. However, in their
study the moment varies only within a range of 1.9 up — 2.2 up with the rotation.
Other authors also found a strong reduction of the moment in the antiferromagnetic
state. For example, Kiibler [Kiib81] found a moment that is even slightly below 1 up
in the antiferromagnetic configuration for the same lattice constant. Moruzzi and
Marcus [MM90] obtain a reduction from 2.34 up (ferromagnetic) to 1.75 up (anti-
ferromagnetic). Their moments are larger in both configurations, because they used
the experimental lattice constant of ay = 5.48 a.u.

Another difference between our results and those of Stocks et al. is the size of
M, (a). Stocks et al. specify the difference between the input and the output angle
of the local moment rather than M. They find a maximum difference of about 25°.
The size of the magnetic moment for that angle is about 2 pug, which means that
M, must be about 0.9 ug. This value much larger compared to the maximum M
of 0.37 up that we found. Finally, Stocks et al. obtain a maximum constraint field
of about 0.23 Ry/up at 90°. We also find the maximum at 90° but the our value of
0.029 Ry/up is almost a factor of 10 smaller. However, Fig. 5.5 shows that the energy
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Figure 5.5: Panel a): The total energy of bee Fe as function of the angle of the
local moment. Shown are the calculated total energy relative to the ferromag-
netic energy (circles), the product of the local moment and the constraint B-
field, —up M, (@)Bc(a) (triangles), and integral of —up M| (a)B.(a) (squares).
Panel b): Shown are the parallel magnetic moment M («) (diamonds) and
the perpendicular moment M (a) (triangles). Both panels contain results of
constrained (solid symbols) and unconstrained calculations (open symbols).

difference calculated from the Hellmann-Feynman theorem using B.(«) (panel a) solid
squares) is is in fair agreement with the calculated total energy difference (panel a)
solid circles). The Hellmann-Feynman result underestimates the energy difference
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between the ferromagnetic and the antiferromagnetic state by about 13 %. Panel
a) also contains the calculated total energy of the unconstrained calculation (open
circles). Naturally, the energies calculated with and without constraint are equal
for the ferromagnetic and the antiferromagnetic configuration, where the constraint
B-field vanishes. For the intermediate angles the energy calculated with constraint
is always larger. We obtained the largest difference of 98 meV at an angle of 105°.
Compared to the other test systems this value is uncommonly large, e.g. for the Cr
UML we found a maximum difference of only 7.4 meV. Another effect of the constraint
can be seen in panel b) of Fig. 5.5. In the region where the magnetic moment
decrease rapidly with changing angle the moment of the constrained calculation (solid
diamonds) is reduced even more strongly compared to the unconstrained moment
(open diamonds). Other results showed that this seems to be a general trend. In
situations where the magnetic moments become unstable, the constraint tends to
reduce the moment further, while in most calculations the effect of the constraint on
the size of the moment is negligible.
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Figure 5.6: The total energy of an UML Mn with Cu(111) geometry as
function of the angle of the local moment. Shown are the calculated total
energy relative to the ferromagnetic energy (circles), the product of the local
moment and the constraint B-field, —upM)(a)B.() (triangles), and integral
of —upM(a)B.(c) (squares).
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As the final test system we chose another unsupported monolayer (UML) of Mn
with the geometry of the Cu(111) surface (apcy, = 6.65 a.u.). In contrast to the
previous two test systems the unit cell of this example contains three atoms. Dur-
ing the computation the moment of two atoms was rotated into opposite directions
as illustrated in the inset of Fig. 5.6. Since two atoms are rotated the integral of
Eqn. (5.44) has to be multiplied by a factor of two, to obtain the corresponding equa-
tion for this configuration. When the angle « is changed from 0° to 180° the path of
magnetic configuration goes through three high-symmetry states, the ferromagnetic
state ( = 0°), the Néel state (« = 120°), and a collinear antiferromagnetic state
(o = 180°). In the Néel state the magnetic moments of all nearest neighbors of each
atom are aligned at 120°. The antiferromagnetic state has a net moment, because
the magnetic moments of two atoms are parallel and only one atom has an anti-
parallel moment. This state will be denoted the 180° configuration in the following.
In Fig. 5.6 it can be seen that B, and thus g M| (o) B.() (solid triangles), becomes
zero at the three high symmetry configurations. The calculated total energy and
the energy obtained from the Hellmann-Feynman theorem are in good agreement.
The two energy curves have a very similar shape and in the 180° configuration the
energies differ by only about 2 %. At 120° the energy exhibits a local maximum.
The quantity ppM|(c)Bc(c), which is proportional to the slope of E(«) according
to the Hellmann-Feynman theorem (cf. eqn. 5.44), changes sign at this point. The
plot also shows that the difference between the calculated energies with and without
constraint (open circles) is rather small. This difference reaches it maximum value of
36 meV at 45°.

In summary, the outcome of the test calculation can be condensed in three main
points. The first test, presented in Fig. 5.3, shows that the constraint B-fields nec-
essary to force the magnetic moment into a prescribed direction, are to larger to be
dealt with in perturbation theory. Our results show further that the accuracy of the
Hellmann-Feynman theorem is limited to about 10 %. We suspect that the reason for
this limitation are the incomplete-basis-set corrections. However, calculations that
take these corrections into account are necessary to prove this hypothesis. A conse-
quence of this result is that if an interpretation of the constraint field as a force (or
torque) on the magnetic moment with high accuracy is desired, the incomplete-basis-
set corrections can not be neglected. Finally, in all calculations we have performed,
also those presented in later chapters, the dependence of the energy on the magnetic
configuration does not change qualitatively when the constraint is switched on. In
most cases the difference between the total energy calculated with and without con-
straint is only a few percent (< 5 %) of the difference between, for example, the
ferromagnetic and the antiferromagnetic state.

5.5 Spin-Spirals in FLAPW

The FLAPW method relies on plane wave expansions for quantities like the charge
density, the potential, and the wave functions. It is therefore necessary to formulate
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the basic equations in terms of periodic quantities that can be Fourier transformed.
However, in an incommensurate spiral magnetic structure the magnetization density,
the B-field and the eigenfunctions are no longer periodic. They have to be replaced
by periodic quantities. For the wave functions the corresponding periodic quantities,
a(r) and B(r), have already been introduced in Sec. 4.3. Choosing the rotation axis
along the spin z-axis is only m,, m,, Bg, and B, that are affected by the spin rotation.
The magnetization and the B-field are rotated by ¢ = q - r counter clockwise in the
x-y-plane, i.e. (mg(r) + imy(r)) and (B,(r) + iBy(r)) are complex quantities that
rotate like e'dT in the complex plane. Accordingly, we have to apply a rotation in the
opposite direction to obtain the periodic quantities. These quantities are thus given
by e* " (my(r) + imy(r)) and e *97(B,(r) + iBy(r)). According to the definitions
of the density and potential matrix (eqn. 4.1 and 4.2) (m, + imy) and (B, + iBy)
are the off-diagonal part of these matrices and the above substitution yields the
corresponding periodic matrices p and V. These relations can also be expressed in
terms of the the spin 1/2 rotation matrix (4.11):

p = UlpU

vV = U'vu. (5.45)

As suggested by Eqn. (4.16) a plane wave basis set is used for the periodic quantities
a(r) and B(r) in the interstitial region. Hence, the interstitial basis functions are
given by

Pa,o(k 1) = GHFVI (5.46)

where the — sign in Fq/2 holds for spin-up and the + sign hold for spin-down. If we
multiply ¢g , by U', we obtain the function Peo = ¢!(GHK)ry that has exactly the
same form as the basis functions of a normal magnetic basis set,

QbG,a(k, I‘) = UT‘PG,O’(ka I'). (547)

In film calculations the spin-spiral vector q is always parallel to the surface and the
two-dimensional plane wave expansion that corresponds to (5.47) is used for the basis
functions.

Due to the term eF9"/2 term, the basis functions are now different for the two
spin directions. Before the basis functions differed only due to the spinor x,. This
is not a fundamental problem, but as a practical consequence changes required to
the computer program are rather involved. There is another technical point I would
like to mention. In an conventional collinear or non-collinear calculation the plane
wave cutoff for the basis functions is enforced according to |K| = |G + k| < Kgq-
The obvious generalization is to use |G + k F q/2| < K4, as the cutoff condition.
The consequence is that we find different sets of G’s for the two spin directions. In
fact, even the number of basis functions is in general different for spin-up and -down.
In order to save programming work we first tried keeping the old cutoff condition
|G + k| < Kinae- In this case the sphere of G’s is not centered around k F q/2 but
around k. In other words, the average of |G + k F q/2|? over all basis functions is
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larger than it would be if we took |G + k F q/2| < K. as the cutoff condition,
i.e. on average the basis functions have a larger kinetic energy matrix elements. In
the limit of large cutoffs this is not a problem, but for small cutoffs that are used
in actual calculations, this can cause a significant contribution to the total energy.
The calculated energies for configurations with large spin-spiral vectors are relatively
larger that for small g-vectors, e.g. the energy of a spin-spiral with q equal to a
reciprocal lattice vector is larger than that of a spiral with q = 0, though both
configurations are ferromagnetic. To retain the required accuracy it is necessary to
go to larger cutoffs and the method becomes less efficient. Therefore, we have changed
the program again enforcing the cutoff according to |G+kFq/2| < K,,4,. This effect
and the difference between the two cutoff conditions is illustrated for the example of
Fe in Sec. 5.5.4.

On the other hand representing the matrix density and potential by ¢ and V re-
spectively has a very convenient feature. When the Hamiltonian matrix is calculated,
we need to determine the matrix elements of the basis functions with the potential
matrix. Thus we have to calculated integrals of the form

[ eaVeeot'r = [ 3, U0 VUUGe ' = [ @6, Ve d'r.  (5.48)

Hence, if we work with ¢ and V, the form of these integrals does not change. This
means that the corresponding part of the computer program does not need to be
modified. Inside of the muffin-tins the basis functions are set up as in an conventional
calculation. However, they have to be matched to the new interstitial basis functions.
Due to the term eF®™/2, the value of the plane wave at the sphere boundary is now
different for the two interstitial spin directions. Consequently, Eqn. (5.13) that relates
the non-collinear A and B-coeflicients to their collinear counterparts does not hold
anymore.

5.5.1 Setup of the Hamiltonian Matrix

In contrast to a non-spin-spiral calculation the extra term Fq/2 appears in the ex-
ponent of the plane waves of the spin-spiral basis set. This term has to be taken into
account when the Hamiltonian matrix elements are calculated in the interstitial re-
gion. The overlap matrix elements remains unchanged, which becomes obvious when
(5.47) is substituted into the integral equation for the overlap matrix elements.

SGeGe / Vo P o dr = / %JUTU@G,,G@% = 050'O(G_a") (5.49)

We have already shown that the contribution to the Hamiltonian due to the potential
matrix does not change , because we work with V (5.48). Yet, the term Fq/2
contributes to the kinetic energy and the Hamiltonian matrix elements are given by

2

G’ h
HS'VTC’; (k) = (VUU'G)(G—G’) + 600"

o (G TkF a/2)*0c-a) (5.50)
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The changes in the vacuum are very similar to those in the interstitial region.
The basic difference to a non-spin-spiral calculation is the extra contribution to the
kinetic energy. However, in the vacuum the extra term enters in to the setup of
the z-dependent functions. As a consequence the A and B-coefficients, the overlap
matrix elements and the contribution to the Hamiltonian from the potential matrix
are affected. Nevertheless, these changes are only indirect through the change of
UG)o and uG”g. To take the extra contribution to the kinetic energy into account
the 1-dimensional Schrédinger equation for the z-dependent functions (3.24) has to
be replaced by

h2 62 N h2
{_—7 + %aa(z) - Evaca' + (GH + kH + q||/2) } U’G”U(kn’ Z) =0. (551)

The equation for the energy derivative iq,» (3.25) has to be changed correspondingly.
Once the z-depending functions have been setup including the extra term Fqj /2 the
rest of the matrix setup, e.g. Eqn. (5.21) — (5.23), remains unchanged provided that
V is replace by V (5.21).

Inside of the muffin-tins the change to the plane waves do not play a role, instead
spherical harmonics and radial functions are used. Therefore, the quantities p and V
can still be used and do not need to be replaced by p and V in spin-spiral calculations.
The changes to the basis set enter only through the boundary conditions, since the
functions inside the spheres need to be matched to the plane waves in the interstitial
including the extra term Fq/2 now. By replacing ! (G+k)r by ei(GHkra/2)r in (5.10)
we find that the A and B-coeflicients of a spin-spiral calculation can be expressed in
terms of the corresponding coefficients of a collinear calculation.

Al (k) = (x28)'x, Afg (kT a/2)

Biga(k,a) = (xo4)"x. Bls (k¥ a/2) (5.52)
In contrast to an ordinary non-collinear calculation the coefficients for the two in-
terstitial spin directions differ by more than a complex pre-factor in the spin-spiral
case. Therefore, the very simple relations for the Hamiltonian and overlap matrix
elements (5.17) and (5.18) do not hold anymore. Instead, the Hamiltonian matrix
elements have to calculated directly from Eqn. (5.16). As a consequence, the numer-
ical effort setting up the contribution to the Hamiltonian and overlap matrix from
the muffin-tins is increased compared to an ordinary non-collinear calculation.

5.5.2 Construction of the Charge and Magnetization Density

Due to plane wave expansion of the density matrix in the interstitial and vacuum
region it is necessary to work exclusively with the periodic quantity p rather that p
in these two regions. Starting from Eqn. (4.1) and substituting the representation of
the eigenfunctions (5.24) we find that the contribution from a point K in the Brillouin
zone is given by

pao’ k I‘ ZZZ( ua(k QOGO'(k r))*cs;(k)go(;/a:(k, I‘), (553)

v G G



5.5 Spin-Spirals in FLAPW 91

with the spin-spiral basis functions (5.46). To obtain an equation for p (5.53) has to
be multiplied from the left and from the right by Ut and U respectwely.

for (k,1) = 333 (5, (K)Gao(k,1)) " ¢ (K)paror (k,T),  (5.54)

v G G

Since the ¢ have exactly the same form as the plane waves in an ordinary calculation
we can immediately write down the expression for the plane wave coefficients of p
(cf. eqn. 5.25).
~G G’ * (G+G!
Privor () = 2 (e, (0) .57 (k). (5.55)
GI
The equation for p of a spin-spiral calculation has exactly the same form as the
equation for p in a non-spin-spiral calculation (5.25), which means that no changes
to the computer program are necessary.
The situation in the vacuum is very similar. Eqn. (5.26) has to be changed to

Pad(2) = ZZZ( kn) A e, k) ue! o k|, 2)ue) sra) (K|, 2)

kv G|
+ ... (5.56)

Where the z-dependent functions have to be setup according to (5.51), taking into
account the extra contribution to the kinetic energy.

In the muffin-tin spheres the only change are the different boundary conditions,
i.e. the changed A and B-coefficients, since we do not need to work with p in the
spheres as pointed out in the previous section.

5.5.3 Construction of the Potential Matrix

In a spin-spiral calculation the task of the potential generation involves determining
V from p. Starting from eqn. 5.30 and 5.31 the corresponding equations for p and
V are obtained by multiplying with U(q-r,0,0) and Uf(q - r,0,0) from the right
and from the left respectively. As a result we find that p and V are diagonalized by
U(g(r),d(r),0), where ¢ is given by @(r) = ¢(r) — q - r. Thus, exactly the same
scheme that is illustrated in Fig. 5.2 can be used in a spin-spiral calculation, with the
only change that the quantities p, V and ¢ have to be replaced by their counterparts
P, V and Q.

5.5.4 Test Calculations on fcc Iron

In order to test the spin-spiral implementation we have performed calculations on
the y-Fe (fcc Fe) system. y-Fe has been extensively studied for many years. One of
the reasons for the large experimental and theoretical attention this system attracted
are the Invar properties of alloys based on «-Fe. This interest has been renewed
by neutron diffraction experiments by Tsunoda [Tsu89], who found that the ground
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state of y-Fe most likely consist of a non-collinear, spiral magnetic structure. This
discovery stimulated many non-collinear ab-initio investigations by different authors
[MLSG91, CBL91, MLSG92, USK92, USK94, MFL96, KE96]. The large amount of
ab-initio data on 7-Fe spin-spirals make this an ideal test system for a spin-spiral
implementation.

We have used the experimental Cu lattice constant of 6.82 a.u., since the y-Fe has
been found for Fe in a Cu matrix. Our k-point set corresponds to 1120 k-points in the
full three-dimensional Brillouin zone. Our unit cell contains two atoms and we have
performed the calculation with two different plane wave cutoffs, K., = 4.0 a.u.™?
and 4.4 a.u.”! corresponding to 85 and 115 basis functions per atom, respectively.
The calculated total energies and magnetic moments for spin-spirals with g-vectors
on the line '-X are shown in Fig. 5.7. A spin-spiral with a g-vector at X corresponds
to a layered antiferromagnetic configuration. The results agree with those of previous
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Figure 5.7: Total energy and magnetic moment as a function of the spin-
spiral vector q. The plot shows results of the two different implementations
of the spin-spirals as discussed at the beginning of Sec. 5.5, i) cutoff enforced
according to |G + k| < K4, (0pen symbols), ii) |G +k Fq/2| < Kpqe (solid
symbols). The solid square represents the energy of the layered antiferromag-
netic solution calculation carried out with the collinear program.

calculations. We find the minimal energy for a g-vector of about q ~ 0.55X. The
minimal g-vector, the shape of the energy curve and, in particular, the magnetic
moment of y-Fe varies strongly with the lattice parameter. Uhl et al. [USK92] found a
low-spin ferromagnetic solution for Wigner-Seitz radii of 2.66 a.u. (e = 6.81 a.u.) and
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smaller, using a spin-spiral method. For Wigner-Seitz radii of 2.67 a.u. (a = 6.83 a.u.)
and larger they found a high-spin solution. The magnetic moments were about 0.6 up
for the low- and 2.5 up for the high-spin state. Other authors [MLSG92| report a
ferromagnetic moment of about 0.9 up at a Wigner-Seitz radius of Ry s = 2.66 a.u.
We have found a moment of 1.3 up, which lies within that range.

As T have explained at the beginning of Sec. 5.5 we have tested two slightly
different implementations of the spin-spirals, that use different cutoff conditions for
the basis functions: i) |G+k| < Ko, and ii) |G+kFq/2| < Kppey. Fig. 5.7 presents
results for both implementations. Implementation i) is expected to yield less accurate
energies, they are generally too large for large q. This can very clearly be seen from
Fig. 5.7. Even for the larger cutoff of 4.4 a.u.”! implementation i) deviates from
implementation ii). In particular, implementation i) gives larger total energies. The
accuracy of this improved implementation can be appreciated from the fact that the
result for a g-vector of q = X coincides with that of a collinear antiferromagnetic
calculation (solid square at the right-hand side of the plot). To achieve the same
accuracy with implementation i) it would be necessary to go to even higher plane
wave cutoffs. However, increasing K4, from 4.0 a.u.”! to 4.4 a.u.”! already means
to use 115 basis functions per atom rather than 85, which makes the calculation much
more time consuming, since the effort of setting up and diagonalizing the matrix scales
with the number of basis functions to the third power.
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Chapter 6

Magnetism of 3d-monolayers on
Cu and Ag (111)

In the frontier field of nano-magnetism understanding the effect of frustration on
the magnetic properties is one of the current key issues. Exchange bias [NS99], for
example, is a technologically important effect for the magnetic recording industry
and the magnetoelectronics, for which frustration plays an important role. In mag-
netic systems the term frustration refers to the inability to satisfy the competing
exchange interactions to neighboring atoms. Frustration is known to be responsible
for a number of diverse phenomena such as spin-glass behavior, non-collinear and
incommensurate magnetic order and unusual critical properties. Frustration is very
common in low dimensional systems like for example small (antiferro-) magnetic clus-
ter in the gas phase [IA99], deposited on surfaces [UUD99] or included in biological
molecules. A further example are step edges at interfaces between a ferromagnet
and an antiferromagnet, e.g. Fe and Cr [SG93, SG95, VSDD95, BF97, BHB198].
But magnetic frustration also appears in the bulk phase, e.g. in the alloys of FeMn
[KHSW88a, KK63, EI71], RhMn; [KK65, KKPS67] and PtMns [KKP*68]. One
of the most evident examples of frustration is the so-called geometric frustration
of an antiferromagnet on a triangular lattice. In fact, triangular antiferromagnets
can be crystallized e.g. in form of stacked antiferromagnets. Typical compounds are
RbNiClz, VCl,, or CuCrO, [Kaw98, CP97] and they are localized spin systems. The
magnetic properties of these triangular antiferromagnets are almost exclusively de-
scribed within the framework of model Hamiltonians the simplest of which is the
classical Heisenberg model.

Another physical realization of antiferromagnetism on the triangular lattice are
antiferromagnetic monolayers grown on the (0001) surface of an hcp crystal or the
(111) surface of an fcc crystal of a non-magnetic or ferromagnetic substrate. In the
recent years the epitaxial growth of such ultra-thin films has been studied intensively
by various experimental techniques. In particular, Mn films on the (111) surface of
fcc Pd [TLW*92], Ir [AFM*96], Cu [TBJ92, GW97, GWH"98] and MgO [GSFW99]
and on the (0001) surface of Ru [AHP*87] and Co [OVH'94] have been prepared and
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analyzed. But also other ultra-thin hexagonal films, e.g. Cr and V on Pt (111) and
Ru (0001) [ZKD97, APW98, SG99|, have been investigated. A triangular lattice
can also be provided by pseudo-hexagonal growth on non-hexagonal substrates as for
example by the ¢(8 x 2) reconstruction of Mn on Cu(001) [FHW92].

During the recent years, a particular interest has developed in 3d transition
metal films on noble metal substrates. They represent very interesting physical sys-
tems, both experimentally and theoretically [FPB90, Sie92, LF85, FFOWS85, Ter87,
BDZD89, FW91, WB93, Blii95]. Due to filled d-bands of the noble metals the 3d-
3d hybridization between the overlayer and the substrate is small, which leads to a
narrowing of the d-bands in the monolayer compared to the bulk transition-metals.
As a consequence, magnetism is enhanced and the magnetic moments become larger
(cf. Fig. 6.2 top panel). Moreover, there is a possibility of new magnetic materials,
which are non-magnetic as bulk metals and may become magnetic in low dimensions,
e.g. V.

So far most of the work has been done on overlayers grown on the (100) ori-
ented substrates, where the atoms of the monolayer are arranged on a square lattice.
In these monolayers, there is a competition between two magnetic configurations,
the p(1 x 1) ferromagnetic (Fig. 6.1 a) and the ¢(2 x 2) antiferromagnetic phase
(Fig. 6.1 b). The energy difference between the two magnetic configuration has been

Figure 6.1: Competing magnetic configurations on the fcc (001) surface. a)
the p(1 x 1) ferromagnetic phase; b) the ¢(2 x 2) antiferromagnetic phase.
(Figure taken from [AB98])

calculated on different (001) oriented substrates [BWD88, BD89, Blii96]. The re-
sults of these calculations for the Cu (001) and the Ag (001) substrate are shown in
Fig. 6.2 (lower panel). It turns out, that the early transition-metals, V, Cr and Mn,
were predicted to order ¢(2 x 2) antiferromagnetically, while Fe, Co and Ni prefer the
p(1 x 1) ferromagnetic configuration. Currently, huge experimental efforts are being
undertaken to spatially determine the microscopic structure of the antiferromagnetic
thin film [SSLT00]. Very recently, it has been shown that it is possible to image the
magnetism of antiferromagnetic thin films using the spin-polarized scanning tunnel
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Figure 6.2: Magnetic moments (for the ferromagnetic configuration, top
panel) and total energy difference per 3d atom between the p(1 x 1) ferromag-
netic and the ¢(2 x 2) antiferromagnetic phase (lower panel) for 3d transition
metal monolayers on Cu and Ag(100). A negative energy difference means,
that the antiferromagnetic configuration is more stable than the ferromagnetic
one. (Figure taken from [Blii96])

microscope (STM) on the atomic scale [HBK™00]. With this technique it is pos-
sible to distinguish atoms with different spin orientations in an antiferromagnetic
surface. For the example of a mono-atomic layer of Mn on the W (110) surface, these
experiments verify the theoretical predictions.

Not only the magnetic, but also the structural ground states of 3d monolayers
on noble metal substrates have been investigated. The stability of Mn/Cu(001) films
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against clustering and interdiffusion and in particular the formation of Mn/Cu surface
alloys has been investigated [Blii96]. In a series of experimental investigations Wuttig
et al. have studied such alloys formed after deposition of Mn on Cu(001) [FHW92,
WT93, WEFF95]. Several recent experiments confirmed the formation of these surface
alloys as well as the formation of large magnetic moments [OZT93, OT94, HPW95,
SRCE96, RGC*97]. But the interest is not limited to the Mn/Cu system: In search
of an understanding of the correlation between volume, magnetism and surface alloy
formation, Mn deposited on Pd(100) [TLJ90] and Ag(100) [SKHG97, SKHG98] has
been investigated experimentally as well as theoretically [KKO98, AB9S].

While 3d metal films grown on fcc (001) oriented noble metal surfaces are well
investigated both experimentally and theoretically, little theoretical work has been
done on (111) oriented substrate. Recently, Kriiger et al. [KTMAOO| studied 3d
transition metal monolayers on Cu(111) and Ag(111). Bihlmayer et al. investigated
the Mn/Cu(111) system [BKBO00], concentrating on the stability of surface alloys and
mono-atomic films against interdiffusion and clustering in different magnetic config-
urations, including also non-collinear magnetic states. We have also investigated the
non-collinear magnetism of monolayers of Cr and Mn on Cu(111) [KBB00]. Spisdk
and Hafner [SHO0| investigated the magnetic structure of the same system. However,
they come to a different conclusion than we do.

In this chapter we present results of ab-initio calculations for monolayers of the
early 3d transition metals V, Cr, Mn and Fe on the Cu(111) and the Ag(111) surface,
with the aim to find the magnetic ground state configuration, taking into account
collinear, non-collinear and also incommensurate magnetic structures. Until now,
there have been hardly any investigations of two-dimensional antiferromagnets on a
triangular lattice beyond model Hamiltonians. In contrast to the stacked triangular
antiferromagnets, like RbNiCls, VCl,, or CuCrO,, which are localized spin systems, in
itinerant magnets, the electrons that are responsible for the formation of the magnetic
state do participate in the formation of the Fermi-surface and hop across the lattice.
Thus, it is by no means clear how far a short-ranged n.n. interaction or even how far
the Heisenberg model can go in giving a sufficiently good description of the physics
of itinerant magnets on a triangular lattice.

Since non-collinear calculations are computationally extremely demanding, we
started our study using unsupported monolayers as model systems for the monolayers
on the substrate. Because of the small 3d-3d hybridization between the overlayers
and the substrate, neglecting the substrate is a reasonable approximation. Hence, the
UMLs represent a good starting point to investigate the magnetism of the monolayer
systems. In Sec. 6.1 we investigate the change of the total energy and the magnetic
moment upon the rotation of the local moment in real space in different magnetic
unit cells. We find surprising results, which cannot be explained in terms of the
nearest neighbor Heisenberg model. Therefore, in Sec. 6.2 we present a comprehensive
study the Heisenberg model on the triangular lattice beyond the nearest neighbor
interaction. We develop a T = 0 phase diagram of possible spin-structures and
discuss also the relevant higher order spin interactions. In the light of these results
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we investigate in Sec. 6.3 the magnetism of unsupported monolayers, but this time
in reciprocal space in terms of spin-spirals for spin-spiral g-vectors along the high
symmetry lines in the two-dimensional Brillouin zone. Particular multiple spin-wave
states have been taken into consideration. The accuracy of our results with respect to
the computational parameters is discussed in detail. From the results of Sec. 6.1 and
Sec. 6.3 exchange parameters are estimated in Sec. 6.4 and the results are classified
and discussed on the basis of these parameters. From this discussion we conclude
the existence of spin-spiral ground states for MnFe alloy films. Results of 3d metal
monolayers on actual Cu(111) and Ag(111) substrates including test of the accuracy
are presented and discussed in Sec. 6.5. In Sec. 6.6 we suggest spin-polarized scanning
tunneling microscopy experiments to unravel the complex spin structures with fully
compensated magnetic moments in the unit cell of chemically identical atoms.

6.1 Unsupported monolayers: Rotation in real
space

We have performed self-consistent calculations of hexagonal unsupported monolayers
(UMLs) of 3d transition metals. These UMLs have the same geometry as monolayers
(MLs) on an (111) oriented fcc substrate and we used the lattice constant of Cu and
Ag respectively. In order to find possible candidates for (non-collinear) ground state
configurations we investigate first the Heisenberg model. Localized spin systems are
well described by restricting the magnetic exchange interaction to nearest neighbors
(n.n.). In this approximation the minimum energy configuration of a material with
antiferromagnetic exchange in this geometry is a two-dimensional non-collinear struc-
ture, where the moments of the individual atoms are aligned at 120° with respect to
each other (cf. Sec. 6.2). This state is called the Néel state and is shown in Fig. 6.3 b.
The unit cell of the Néel state contains three atoms and is of (v/3 x v/3)R30° struc-
ture (Fig. 6.3 d). Each atom forms a sublattice on which the magnetic moments
are ferromagnetically aligned. It has the same shape as the p(1 x 1) unit cell of the
ferromagnetic (FM) state, but it is rotated by 30° and the lattice constant is by a
factor of v/3 larger. In addition we considered a collinear row-wise antiferromagnetic
(RW-AFM) structure, which is shown in Fig. 6.3 a. The unit cell of this magnetic con-
figuration (Fig. 6.3 c) contains two atoms. We change the angle of the local moments
in small steps on continuous paths connecting the high symmetry states in both unit
cells. In the unit cell with two atoms we rotated one atom from the FM state to the
RW-AFM state according to Fig. 6.3 c. In the unit cell containing three atoms we
rotated two atoms by the same angle o but in opposite directions. Thus, starting
from the FM state the moments are rotated towards the Néel structure (o = 120°)
and finally into a collinear ferrimagnetic (FI) state (o = 180°). The latter state has
a net magnetic moment, since two atoms have parallel moments and only one atom
points into the opposite direction.
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Figure 6.3: (a) The row-wise antiferromagnetic structure (RW-AFM). (b)
The non-collinear Néel state. The ferromagnetic structure can be transformed
by a continuous rotation into structure (a) via path (c) and into structure (b)
via path (d). Since the calculations have been performed within the scalar-
relativistic approximation, which neglects spin-orbit coupling, the direction of
the magnetic moments with respect to the lattice is undetermined. They are
are drawn in plane only for better illustration.

6.1.1 Computational details

We performed self-consistent constrained local moment (CLM, cf. Sec. 4.1 and 5.4)
calculations in the local density approximation (LDA) applying the parameteriza-
tion according to Moruzzi, Janak and Williams [MJW78]. We chose the theoretical
Cu and Ag lattice constants, ac, = 6.65 a.u. and asy = 7.79 a.u. [MIJW78]. The
planewave cutoff for the basis functions was set to Kpqy = 3.7 a.u.”! for the UMLs
with Cu(111) geometry and K4, = 3.3 a.u.”* for the UMLs with Ag(111) geometry.
This corresponds to about 110 and 125 basis functions per atom for Cu(111) and
Ag(111), respectively. The charge density and the potential were expanded up to
a cutoff Gpee = 9.0 a.u.™! in both cases. The muffin-tin radii of the 3d transition
metals was chosen as Ry = 2.35 a.u. and Ry = 2.75 a.u. for Cu and Ag, respec-
tively. The wave functions as well as the density and the potential were expanded up
t0 l ez = 8 inside the muffin-tin spheres. For the unit cell with two atoms we used
135 k-points in the irreducible wedge of the two-dimensional Brillouin zone (IBZ)
corresponding to 540 k-points in the full two-dimensional Brillouin zone. In the unit
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cell containing three atoms we used 70 k-points in the IBZ corresponding to 361 k-
points in full Brillouin zone. Both k-point set correspond to slightly more than 1000
k-points in the p(1 x 1) unit cell. With these k-point sets it is guaranteed that the
total energies of different unit cells are absolutely converged and directly comparable.

6.1.2 Results for the real-space rotation

The moments and the total energy of the UMLs on Cu(111) are presented in Fig. 6.5.
It can be seen that the magnetic moments of Cr, Mn and Fe are very large (cf. also
Tab. 6.1). Due to the symmetry the size of the local moments of two atoms is equal for

UML Cr Mn Fe

FM - 3.06 up | 2.75 up
RW-AFM | 2.62 ug | 3.08 ug | 2.58 ug
Néel 2.58 up | 3.06 up | 2.54 up

Table 6.1: Magnetic moment of different magnetic states inside the muffin-tin
spheres for the UMLs Cu(111).

all angles along the rotation path according to Fig. 6.3 c¢. Similarly, during the second
rotation (Fig. 6.3 d), the size of the two outer atoms (down-triangles) that are rotated
is equal, but is generally different from the size of the third atom at the center of
the unit cell (up-triangles). Only in the FM state and the Néel state, where all three
atoms are equivalent, all moments have the same size. Mn shows the largest moment
in agreement with Hund’s first rule. This effect is well known from the work of the past
years. The moments calculated for the UMLs are in reasonable agreement with our
results including the substrate and also with earlier results of monolayers on the (001)
surface [Blii96], even though the substrate has been neglected here. This shows the
influence of the substrate on the size of the moments is not severe, since the magnetic
moments are already close to saturation. It should be noted that care is needed
when comparing the moments with other results, in particular comparing FLAPW
results with other methods. Unless stated otherwise, all local moments presented
in this work are moments inside the muffin-tin sphere. Hence, these moments are
always slightly smaller than the total moments per atom, since the contributions
from the interstitial region and the vacuum region are missing. As a consequence,
the moments calculated with the FLAPW method always depend on the choice of
the muffin-tin radii. To clarify the size of this difference, we present in Tab. 6.2 a
comparison between the muffin-tin moments and the total moments per atom for Mn
and Fe in the FM state. The comparison reveals that the difference between the total
moment and the muffin-tin moment depends strongly on the chemical element. For
Mn this difference is about 10%, while it is less than 2% for Fe. This is explained by
the different localization of the 3d wave functions. The localization decreases with
decreasing nuclear number, which reduces the ratio of d-charge inside the muffin-tin
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Figure 6.4: The total energy and magnetic moments of UMLs with Cu(111)
geometry as function of the angle of the local moment. Shown are the cal-
culated total energies relative to the respective ferromagnetic energies (cir-
cles, left scale) and the magnetic moments (triangles, right scale). Generally,
the moments of the center atom (up-triangles) and the outer atoms (down-
triangles) differ in the unit cell containing three atoms.

sphere, and thus the ratio of the magnetic moment, which is mainly produced by the
d-electrons. We expect the same effect for other magnetic configurations. However, in
the antiferromagnetic and non-collinear configurations the contributions of different
atoms to the interstitial magnetization cancel partly or completely (RW-AFM Néel).
Thus, the total magnetic moment has to be estimated from the muffin-tin moment.

Coming back to Fig. 6.4, consider first Cr. In contrast to Mn and Fe the local
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UML Mn Fe
total | 3.40 up | 2.80 ug

Table 6.2: Comparison between the magnetic moments inside the muffin-tin
sphere (MT) and the total magnetic moment per atom in the FM state for
the UML Cu(111).

moment of Cr depends very strongly on the angle. In fact, a ferromagnetic solution
does not exist. Starting from the row-wise antiferromagnetic solution (upper left
panel, @ = 180°) and rotating towards the ferromagnetic structure the magnetic
moment decreases rapidly and finally disappears at o =~ 80°. Although the moment
changes drastically, the energy shows a cosine-like behavior in the region where a
magnetic solution exists, as the nearest neighbor (n.n.) Heisenberg model predicts
for an antiferromagnet. The total energy along the rotation path in the unit cell of
Fig. 6.3 d (upper right panel of Fig. 6.4) reveals a pronounced minimum at 120°.
This minimum and the shape of the energy curve matches the expectation from the
n.n. Heisenberg model with antiferromagnetic exchange interaction very well. It is
clearly visible that the 120° configuration is the lowest energy configuration among
all configurations studied here. Thus, for Cr(111) UML the Néel state is the magnetic
ground state predicted by the present investigation.

Now turning to Mn and comparing the results in the two-atom unit-cell (center
left panel of Fig. 6.4) with those of Cr we found that the behavior of Mn and Cr is
similar, i.e. the energy curve is also cosine-like and Mn prefers to be antiferromagnetic.
However, in contrast to Cr the ferromagnetic state exists and the magnetic moments
change only within a narrow range, (2.9 ug — 3.05 up), of the rotation. However,
the result of the rotation in the three-atom unit-cell is unexpected. The dependence
of the energy on the rotation angle F(«) reveals two surprises: First, the lowest
energy configuration among all magnetic structures investigated so far, is the row-
wise antiferromagnetic configuration. Secondly, the total energy of the Mn system
with 3 atoms per unit cell does not exhibit a minimum at 120°, as predicted by the
n.n. Heisenberg model, but a local maximum instead. Both results are clearly in
disagreement with the n.n. Heisenberg model.

Fe behaves completely different from Cr and Mn. Obviously, the FM state has the
lowest energy. Along the rotation path according to Fig. 6.3 ¢ (lower left panel) E(«)
has a cosine-like shape, but the energy increases from the ferromagnetic configuration
to the antiferromagnetic one. Also the result for the second rotation (lower right
panel) is in agreement with the n.n. Heisenberg model with ferromagnetic coupling.
E(a) has the form of the mirror image of the energy of Cr (where a magnetic solution
exists): at 120° the energy goes through a maximum. During the rotation the local
moments vary in a range from 2.3 pug to 2.7 up.

The results for the unsupported monolayers with the Ag lattice constant are



104 6. Magnetism of 3d-monolayers on Cu and Ag (111)

presented in Fig. 6.5. The local moments we found are even larger than those of
the UMLs with Cu(111) geometry (cf. also Tab. 6.3). Cr, which does not have a

UML A% Cr Mn Fe
FM 278 up | 4.15 ug | 4.19 pup | 3.18 ug

Table 6.3: Magnetic moment of different magnetic states inside the muffin-tin
spheres for the UMLs Ag(111).

ferromagnetic solution on the Cu lattice constant, has a ferromagnetic solution at
the Ag lattice constant. Even V, for which we did not find any magnetic solution
in the Cu(111) geometry, becomes magnetic in the Ag(111) geometry. The reason
for this is the larger lattice constant of Ag, which leads to weaker d-d hybridization,
and thus to a further narrowing of the d-bands. The moments of Mn and Fe are in
reasonable agreement with the results including the substrate. However, Cr and V are
more sensitive to their local environment. In particular, the effect of the substrate
on V is very strong. The moment of the V UML is much larger than that of the
ML on the Ag(111) substrate (cf. tab. 6.12). A comparison between the muffin-tin
moments and the total moment (Tab. 6.4) of the ferromagnetic UMLs reveals two
trends. First, considering Mn and Fe, we found that the difference between the

UML \Y Cr Mn Fe
MT | 2.78 pp | 4.15 pg | 4.19 ug | 3.18 ug
% 83.7 90.0 94.4 99.6

Table 6.4: Comparison between the magnetic moments inside the muffin-tin
(MT) and the total magnetic moment per atom in the FM state.

total and the muffin-tin moment is less than 6% for Mn and less than 0.5% for Fe.
This difference is smaller than what we found on the Cu lattice constant. This is
probably due to the larger muffin-tin radius we used on the Ag lattice constant. A
larger fraction of the d-wave functions is inside the muffin-tin sphere, and thus the
polarization is the interstitial region is smaller. Secondly, the further we move to the
right in the transition metal series, i.e. from V to Fe, the more the magnetization is
confined inside the muffin-tins. The reason is that with increasing nuclear number
the d-wave functions become more localized, in fact the whole atom shrinks.
Coming back to Fig. 6.5, the result of the V/Ag calculation is quite unexpected.
In both unit cells the shape of E(«) is very unlike the other materials. In the two-
atom unit-cell the energy shows a maximum around 60° and also in the three-atom
unit-cell a tendency towards a local maximum around 40° is visible. The shape of the
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Figure 6.5: The total energy of UMLs with Ag(111) geometry as function of
the angle of the local moment. Shown are the calculated total energy relative
to the ferromagnetic energy (circles) and the magnetic moments (triangles).
Generally, the moments of the center atom (up-triangles) and the outer atoms
(down-triangles) differ in the unit cell with three atoms.
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energy curve in the two-atom unit-cell can be reproduced by a superposition of a cos
and a cos2qa term. However, a cos2a term cannot be provided by the Heisenberg
model. Only higher order contributions beyond the Heisenberg model can explain
this behavior.

Apart from the fact, that the Cr moment is larger than on the Cu lattice constant
and varies only in a range from 4.0 up to 4.2 upg, the result for the Cr UML with
Ag(111) geometry is very similar to that with Cu(111) geometry in the region of
angles, where a magnetic solutions exists on the Cu lattice constant. FE(«) has
a cosine-like shape in the two-atom unit-cell and also in the three-atom unit-cell.
E(a) is in good agreement with the n.n. Heisenberg model, showing a pronounced
minimum at 120°. As on the Cu lattice constant, the Néel state is the lowest energy
configuration. The only qualitative difference to the result of the Cr/Cu(111) UML
is that in the case of Cr/Cu(111) the FI state has a lower energy than the RW-AFM
state, while for Ag/Cu(111) the energy of the FI state is slightly higher.

For the Mn UML with Ag(111) geometry we found that the moments hardly
change with the rotation (4.18 up — 4.24 pg). Also for Mn the result for Ag(111)
UML is in qualitative agreement with the Cu(111) UML. However, the total energy
difference between FM and RW-AFM is about a factor of three smaller than for
the UML Mn/Cu(111), while the energy differences between the Néel state, the FI
state and the RW-AFM state are only reduced by 30 — 40%. Again, the result is
in disagreement with the n.n. Heisenberg model, since the RW-AFM state has the
lowest total energy and E(c) has a local maximum at 120° when the moments are
rotated in the unit cell with three atoms.

In line with the findings for the other UMLs on the Ag lattice constant the mag-
netic moments of Fe vary only within a small range (3.17 ug — 3.34 ug). The behavior
of the total energy, F(a), is extremely similar to the result of the Fe UML with the
Cu(111) lattice constant.

In summary, we found that the behavior of the UMLs of Cr and Fe on both, the
Cu and the Ag lattice constant, can be understood in terms of the nearest neigh-
bor Heisenberg model with an antiferromagnetic and ferromagnetic nearest-neighbor
exchange constant, respectively. However, the result of the Mn UMLs is in clear dis-
agreement with this widely used model. Though Mn prefers to be antiferromagnetic,
we do not find a minimum of the energy for the Néel state, but instead the row-wise
antiferromagnetic configuration has the lowest energy on both lattice constants. In
particular, the shape of the energy curve in the three atom unit cell, E(a), cannot be
explained within the Heisenberg model, even if terms beyond the nearest-neighbor
interaction are included. Considering a magnetic configuration characterized by an
angle « in the three-atom unit cell on the path according to Fig. 6.3 d, it is obvious
that the moments of any pair of atoms in the monolayer span an angle of either « or
2a. Hence, irrespective of how many neighbors are included in the Heisenberg model,
the functional dependence of the energy on the angle contains only terms proportional
to cosa or cos2a. However, to reproduce the shape of F(a) for Mn is is necessary
to include at least a term proportional to cos 3, which cannot be derived from the
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Heisenberg model. Thus, higher order interactions, that go beyond the Heisenberg
model, like the 4-spin interaction, have to be taken into account to explain the Mn
result.

6.2 Model Hamiltonians: Heisenberg model and
beyond

In the past magnetic properties of antiferromagnets on the triangular lattice have
almost exclusively been discussed within the framework of model Hamiltonians, e.g.
[Wan50]. A very active research field is taking the quantum nature of the spin into
account, in particular within the framework of the Heisenberg model [LIJNL86, CP97,
Kaw98, CTS99, CCT*99]. Since we are investigating 3d-metals, which are itinerant
magnets, on the triangular lattice, it is not a priori clear in how far the Heisenberg
model can give a good description of these systems. To investigate this point we start
with the classical Heisenberg Hamiltonian

H=> —-J;8S;-8S,, (6.1)
1,
where the double sum is over all (magnetic) atoms in the system. We consider the

spins localized on the lattice sites as classical vectors, using the assumption that the
spins on all lattice sites have the same magnitude S:

S? = §2, for all 4. (6.2)

In a second step we include higher order corrections and investigate whether the
resulting model can account for the results of the ab-initio calculations.

6.2.1 The Heisenberg model on a Bravais lattice

Since we investigate the magnetism on a periodic lattice it is very convenient to
express the quantities in terms of their Fourier components. We assume periodic
boundary conditions. The number of lattice sites in the crystal will be denoted N.
Thus, the spins on lattice sites can be written in terms of their discrete Fourier
components by:

Si = >S4 e' 1R (6.3)
q

where the sum is over the reciprocal lattice vectors q and R; is the real-space coor-
dinate of lattice site ¢. The inverse Fourier transform is given by:

1 .
Sq = N Z Sz e_’qRi. (64)

Since the spins S; are real quantities we can immediately conclude from Eqn. (6.4)
that the Fourier components of the spins fulfill the relation

Sq =S4 (6.5)
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Replacing the localized spin S; by their Fourier components in the Heisenberg Hamil-
tonian, Eqn. (6.1), yields

H = Z —Jij > Sq - Sq € (6.6)
1,J qq’

- Z —Jij Z Sq Sy gilatd)R: id'(R;—Ri)
6,J qq’

= —N> Sq-S_4 (Z Jos eiqR5> .
q [

Here, the fact that the relation Y; e?9t9)® = N§_ . holds for a sum over all lattice
sites and the definition R; = R; — R; have been used. The Fourier transform of the
exchange constants are defined by:

J(a) =Y Jos e = J(—q) = J(q)*. (6.7)
)

They are real quantities. Here it has been used that Jys = Jy_s, which is a conse-
quence of the translational symmetry and the fact that the interaction is symmetric,
Jij = Jji. With J(q) the Hamiltonian can be written in the simple form

H=-NYJ(q) Sq-S_q- (6.8)

In order to find the magnetic ground state, the energy (6.8) has to be minimized under
the condition (6.2). This equation represents a system of N independent equations,
which is equivalent to a system of N equations for the Fourier components of the
spins:

> Sq:Sq = 57 (6.9)
q

Z Sa*Sq¢-a = 0, d #0. (6.10)
q

Clearly, the solutions are such that all Sq vanish, except for Sq and S_q, where £Q
are the values of q that maximize J(q). The lowest energy is then given by

E =-NS%J(Q). (6.11)

In order to recover the spin structure that corresponds to Sq and S_q we introduce
the real and imaginary part of Sq, Rq and Iq, to express Sq as

SQ = RQ + iIQ, S,Q = RQ - iIQ. (6.12)
From the condition (6.9) and (6.10) we obtain

Sq-S_q = R%Q + 12Q = 52 (613)
Sq-Sq = R{—1I{+2iRq-Iq=0. (6.14)
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The second equation shows that Rq and Iq are perpendicular and have the same
magnitude. Thus, we finally obtain

Ry =1, = 5%/2 (6.15)
Rq-Iq = 0

Substituting this into Eqn. (6.3) yields the spins on the lattice sites:
Si = 2(Rqcos (Q - R;) — Igsin (Q - Ry) ). (6.16)

Hence, the fundamental solutions of the Heisenberg model on a Bravais lattice are
helical spin structures. Since no spin-orbit terms are included in the Hamiltonian,
we can assume the plane spanned by the two vectors Rq and Iq to be the xy-plane.
With that choice, the spins of the helix rotate around the z-axis in the xy-plane as
one moves from lattice plane to lattice plane in the direction of Q. This helical spin
structure can be easily identified as a special case of what we have introduced as spin-
spirals in Sec. 4.2. It is a special case, because the angle between the rotation axis
and the magnetic moment, 6, is always 90°. It should be mentioned that for crystal
structures having more than two magnetic atoms per unit cell, it is difficult to give
a general prescription how to determine the spin structure. A good introduction to
the Heisenberg model can be found in the textbook by Yosida [Yos96].

In order to find magnetic structures that are possible candidates for the ground
state we have to search the Brillouin zone of the two-dimensional hexagonal lattice
for the vector Q that maximizes J(Q).

6.2.2 The Heisenberg model on the 2D hexagonal lattice

Before we start to search the Brillouin zone of the triangular lattice for the g-vectors
that minimize the Heisenberg Hamiltonian, it is helpful to briefly review the geometry
of the two-dimensional triangular (hexagonal) lattice. Fig. 6.6 contains an image of
both, the real-space (a) and the reciprocal lattice (b). In the figure the primitive
vectors of the lattice a; and a, as well as the primitive vectors of the reciprocal
lattice by and b, are indicated. There are two options to choose the primitive vectors
either with an angle of 60° or 120° between the two vectors. Here, we have chosen
the first option. As a consequence, the primitive vectors of the reciprocal lattice span
an angle of 120°. According to the coordinate frames shown in Fig. 6.6 the primitive
vectors of the (reciprocal) lattice are given in terms of cartesian coordinates by

=a(1,0 —a(i,
S N ) (6.17)
bl - 7( a%)a b2 - T(Oa %)a

where a is the lattice constant, which is equal to the nearest-neighbor distance. The
figure also contains the Wigner Seitz cell (real space) and the two-dimensional Bril-
louin zone (reciprocal space). The irreducible part of the Brillouin zone (IBZ) is
marked in gray. The corner points of the IBZ are the high symmetry points T', K
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Figure 6.6: (a) The two-dimensional hexagonal Bravais lattice. a; and ag
are the primitive vectors that span the lattice. The sketch also contains the
Wigner Seitz cell. (b) The corresponding reciprocal lattice. b; and by are the
primitive vectors of the reciprocal lattice. The black hexagon shows the first
Brillouin zone. The irreducible wedge is marked in gray. The IBZ is limited
by the high symmetry lines connecting the symmetry points I, K and M.

and M. In the Brillouin zone we find six M-points on the centers of the sides of the
zone boundary and six K-points at the corners of the zone boundary. However, some
of these points are separated by reciprocal lattice vectors. Hence, they do not give
rise to distinct spin structures. The cartesian coordinates of the symmetry points are
given in Tab. 6.5.

From this knowledge of the two-dimensional Brillouin zone of the triangular lattice
it is possible to construct the magnetic states that correspond to high symmetry
points. Let us begin with the most simple case, the I'-point. This point always
corresponds to the ferromagnetic solution. Since the vector Q is (0,0) we obtain
from Eqn. (6.16) that the spins on all lattice sites are given by S; = 2Rgq, i.e. all
spins have the same direction. The direction of the spin Rq with respect to the
lattice remains undetermined, because no spin-orbit term is included in the model.

At the K-point we choose for example Q = 27(2/3,0), —Q = 27(-2/3,0).
This leads to three distinct kinds of lattice sites, e.g. a(1,0), a(2,0) and a(3,0).
For these atoms the spins are given by S; = 2(Rqcos(4n/3) — Igsin(47/3)),
Sy = 2(Rqcos(87/3) — Iqsin(87/3)) and S; = 2(Rq cos(127/3) — Iqsin(127/3)),
respectively. The relative angle between the spins on the different sites is always
120°. Hence, the magnetic structure that corresponds to the K-point is the 120° Néel
state. As in the ferromagnetic case, the direction of Rq and Iq is not determined,
only the condition (6.15) has to be satisfied.
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. : : 2n
symmetry point | cart. coordinate (units of )

0, 0)

2/3’ 0)’ (1/3’ 1/\/5)’ (1/3’ _1/\/3)
_2/3’ O)a (_1/3’ _1/\/§)a (_1/3’ 1/\/3)
0, 1/\/5)’ (O’ _1/\/5)

1/2,1/(2v3)), (-1/2, -1/(2v3))

1/2, —1/(2v/3)), (-1/2, 1/(2v/3))

Table 6.5: The high symmetry points of the two-dimensional hexagonal lat-

tice and the cartesian coordinates in units of %” Points which are separated
by reciprocal lattice vectors are grouped together in one line.

=

=

b~~~ —~ —~ —~

At the M-point the situation is more involved, since there are three pairs of Q-
vectors that give rise to three distinct spin structures. The general solution can be
a linear combination of the three Q-vectors, which satisfies the conditions (6.9) and
(6.10). In the case of the K-point there are also two sets of Q-vectors, but they do
not give rise to seperate solutions, because the condition (6.5) has to be fulfilled and
q and —q are in different sets. To construct the magnetic structure we have the three
Q-vectors Qi = 22(0,1/v/3), Qz = 2(1/2,1/(2v/3)) and Qs = 22(1/2,~1/(2v/3)).
Q; and —Q; (¢ = 1,2,3) differ by a reciprocal lattice vector. Therefore, it follows
from Eqn. (6.5) that the Sq, are real. At all lattice sites the product of Q; - R; is a
multiple of 7. Hence, the exponential of :Q; - R; takes only the value +1, and thus
the spin on lattice site 7 can be written

Sj = RQleiQI'Rj + RQZBiQTRj + RQaeiQL’"Rj. (618)

From the conditions (6.9) and (6.10) it follows that the Rq, are mutually orthogonal
and that R, + R, +R§, = S?. Choosing for example R, = S? and Rq, = Rq, =
0 leads to a structure with two distinct lattice sites with spin +Rq,. This is the row-
wise antiferromagnetic configuration as shown in Fig. 6.3 a. When all three Rq,
are non-zero we obtain a structure with four distinct lattice sites. Let us choose the
direction of the Rq, along the axis of the spin-coordinate frame, Rq, = A%, Rq, =
By and Rq, = Cz. With this choice these lattice sites have a spin of (4, B,C),
(A,—B,-C), (—A,—B,C) and (—A, B,—C) respectively (A2 + B>+ C? = §?). A
particular highly symmetric state is obtained for the special case A = B = C = §/+/3.
This state, which is presented in Fig. 6.7, is called the triple-Q (3Q) state because of
the three Q-vectors involved. Similarly, the RW-AFM state is commonly referred to
as the single-Q (1Q) state. The triple-Q (3Q) state represents a three-dimensional
spin structure on the two-dimensional triangular lattice. The relative angle between
all nearest-neighbor spins is the tetrahedron angle of 109.47°. For completeness we
would like to add that there is also a double-Q (2Q) state. This is a particular high
symmetry state similar to the 3Q state but constructed from only two vectors Rq,
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Figure 6.7: The triple-Q (3Q) state represents a three-dimensional spin struc-
ture on the two-dimensional triangular lattice. It is energetically degenerate
with the RW-AFM state (Fig. 6.3 a) within the Heisenberg model. The rel-
ative angle between nearest-neighbor spins is the tetrahedron angle. The net
moment per unit cell is zero. This structure differs from that show at the be-
ginning of this thesis by a rigid rotation of all spins with respect to the lattice.
Hence, when spin-orbit coupling is neglected, the two structures are equal.

according to Eqn. (6.18). With the direction of Rq, as chosen for the 3Q state and
assuming without loss of generality that Rq, = 0 we find that the 2Q structure
also four distinct lattice sites. But in difference to the 3Q state, the 2Q state is a
two-dimensional (coplanar) magnetic structure. The four lattice sites have spins of
(A,B,0), (A,—B,0), (—A,—B,0) and (—A, B,0), respectively, with A = B = S//2.
The net moment per unit cell of the 1Q, 2Q and 3Q state is zero. Since, all three
states originate from the same Q-vectors, they are degenerate within the Heisenberg
model. However, this degeneracy is lifted, when higher order interactions are taken
into account. As we will show below, they favor either the 1Q or the 3Q state.
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6.2.3 Energetics of high symmetry states on the triangular
lattice within the Heisenberg model

In this section we discuss the energetics of the most important magnetic states on the
two-dimensional hexagonal lattice within the Heisenberg model up the third nearest-
neighbor interaction, i.e. including the exchange constants J;, J; and Js;. As we have
seen in the previous sections the crucial quantity for the description of the energetics
within the Heisenberg model is the Fourier transform of the exchange constants J(q)
(cf. Eqn. (6.7)). Expanding the vector q into the primitive vectors of the reciprocal
lattice, according to q = ¢1b; + ¢2bs, J(q) is given by

Jq) = J12 [cos (27r(q1 + qZ)) + cos (27r ql) + cos (27r qz)] (6.19)
+ Jy2 [cos (27‘(’(2(]1 — qz)) + cos (27r(q1 + Q2)) + cos (27r(—q1 + 2q2))]
+ J32 [cos (27r 2q1) + cos (27r 2q2) + cos (27r(—2q1 + 2q2))] )

Expressed in cartesian coordinates this becomes

:2 cos (aq,,) + 4 cos (a%qw) cos (a?qy)] (6.20)
+ S :4 cos (ang) cos (a?qy) + 2 cos (a\/gqyﬂ

+ J3 -2 cos (a2qz> + 4 cos (aqz) cos (a\/gqyﬂ.

As we have said before the maximum of J(q) determines the minimum of E(q), and
thus, the ground state magnetic structure. Due to their symmetry, the high sym-
metry points in the Brillouin zone are either local extrema or saddle points of E(q).
Hence, the magnetic states that correspond to the high symmetry points are very
likely candidates for the the magnetic ground state. Using Eqn. (6.19) or (6.20) the
energy of the magnetic states, that correspond to the three high symmetry points in
the Brillouin zone of the two-dimensional triangular lattice, discussed in the previous
section can directly be calculated from Eqn. (6.11). The results are given in Tab. 6.6.
From these results it can be seen that, if all exchange constants are positive or if the

Jq) = J

[

mag. state sym. p. | Heisenberg energy

FM T —S5%(6J; + 6J2 + 6J3)
Néel K —S52(=3J1 + 6J5 — 3J3)
RW-AFM, 3Q M —S52(=2J; — 2J5 + 6J3)

Table 6.6: The energy per atom within the Heisenberg model of magnetic
states that originate from high symmetry Q-vectors in the Brillouin zone.

nearest-neighbor coupling is dominant and positive, the ground state of the Heisen-
berg model is ferromagnetic. On the other hand, if the interaction is dominated by a
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negative Ji, the Néel state has the lowest energy. In the nearest-neighbor approxima-
tion only these two solutions are possible. However, when exchange integrals beyond
J1 become important, other magnetic configurations, like the RW-AFM state, can
become the ground state of the system. But before we continue with this discussion
we need to include other relevant magnetic structures into our analysis.

As a next class of magnetic states we will discuss helical spin structures (spin-
spirals) with g-vectors on the high symmetry lines in the Brillouin zone. We begin
with the lines [-K and K-M. From Fig. 6.6 it can be seen that, if we follow the
symmetry line from I' to K and continue in this direction beyond the K-point, we
end up on the line K-M of the next Brillouin zone. It is therefore convenient to
discuss these two lines together. The g-vectors on this line can be parameterized by
q = (¢z,0), with 0 < ¢, < 27/a (¢, = 47/3a corresponds to the K-point). The
dependence of the energy (per atom) on the g-vector can directly be calculated from
Eqn. (6.20).

r 1
E(q) = —5? { J1|2 cos (aqw> + 4 cos (05%)] (6.21)
+ Jy -4 cos (ang> + 2]

+ Js3|2cos (a2q,,> + 4 cos (aqm)] }

The g-vectors on the line I'-M can be parameterized by q = (0,¢,), with 0 < ¢, <
27/ v/3a. In that case the energy per atom is given by

E(q) = —S? { J1 :2 +4cos (a?qy)] (6.22)
+ S :4 cos (a?qy) + 2 cos (a\/gqy)]
+ Js :2 + 4 cos <a\/§qy)] }

The contributions from the different J; are shown in Fig. 6.8. All J; are assumed to
be negative, since we are mainly interested in antiferromagnets. From Fig. 6.8 the
large variety of possible ground states depending on the sign and the magnitude of
the J; can be observed. If only J; is present the K-point, i.e. the Néel state becomes
the minimum of the energy for antiferromagnetic materials. If, however, J; is large
enough the M-point can become lower, corresponding to the RW-AFM state. If J, or
Js or both are large there is a possibility of spin-spirals on the lines I-K and I'-M.
The same is true, if, for example, J; is positive (ferromagnetic) and J; is negative.
Having determined the energy of all the high symmetry magnetic states we are
able to develop the zero temperature magnetic phase diagram in the (Jy, J, J3)
parameter space of the Heisenberg model on the two-dimensional hexagonal lattice.
Cuts through the three-dimensional phase diagram presented in Fig. 6.9. The phase
diagram in the J;-J, plane, J;3 = 0, (Fig. 6.9 a) can be calculated analytically. All
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Figure 6.8: Contributions of the different exchange constants up to the third
nearest-neighbor interaction (J; solid line, Jo dashed line and J3 dotted line)
to the Heisenberg energy per atom for spin-spirals along high symmetry lines.
Since we are mainly interested in antiferromagnets all exchange integrals are
assumed to be negative (J; = Jo = J3 = —1).

the phase boundaries are straight lines. When J, is positive the magnetic ground
state is either the FM state for positive J; or the N’eel state for negative J;. For
negative J, with a magnitude above a certain threshold a spin-spiral with g-vector
on the line I'-m or the RW-AFM state can become the ground state. The phase
diagram in the J5-J; plane (Fig. 6.9 b and c) has first been calculated numerically
by searching for the lowest energy configuration on a mesh in the J,-J; plane. In a
second step we investigated all the relevant phase boundaries analytically. For non-
vanishing J; another possible ground state, a spin-spiral on the line K, is found.
Again all phase boundaries are lines except for the boundary between the Néel state
and the spin-spiral state on the line K. This phase boundary has been determined
numerically. When J; is positive the phase diagram is dominated by the FM state.
The N’eel state and the RW-AFM state only become the magnetic ground state for
rather larger values of J3 and J,, respectively. When J; is negative this picture is
reversed. The FM configuration can only become the ground state, when both, J,
and J3 are large compared to J; and the phase diagram is dominated by the N’eel
state and also the RW-AFM state.

It is very instructive to discuss the phase diagram in terms of the separate contri-
butions of Ji, Js and J; respectively (cf. Fig. 6.8). Let us begin with the case that J3
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Figure 6.9: The three-dimensional
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is being neglected (Fig. 6.9 a). When J; is positive (opposite sign as in Fig. 6.8) the
corresponding contribution to the energy has two minima at the I'-point and at the
K-point. Thus, it favors the FM or the Néel state. In this case, the magnetic ground
state is determined by J;. However, small negative values of J, of 1/3 or 1/8 of the
size of J; are enough to change the magnetic ground state. When J; is negative, it
disfavors the T' and the K-point and either the M-point (RW-AFM or 3Q state) or a
spin-spiral on the line I'-M can become minimal. The latter state is stabilized by a
minimum of the energy contribution of J; on that symmetry line.

The most prominent change when J3 is present is the appearance of an additional
possible ground state, a spin-spiral on the symmetry line I-K. When J3 is negative,
the corresponding contribution to the energy possesses two minima, at K and another
one in the middle of the line K. The second minimum leads to the stabilization of
the new spin-spiral ground state over a large region of the phase space. The minimum
at K stabilizes the Néel state, which can now be the ground state also if J; is positive.
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On the other hand, when J3 is positive, the third nearest-neighbor interaction energy
becomes minimal at the I' and the M-point. This can result in a stabilization of the
RW-AFM or 3Q state even if J; is positive, or stabilize the FM state when J; is
negative.

Finally, we need to investigate the dependence of the Heisenberg energy on the
angle « for the real-space rotation that we have performed in Sec. 6.1. In this case
the energy per atom can be calculated directly form the Heisenberg Hamiltonian in
real space (Eqn. (6.1)) by summing over all atoms in the unit cell and calculating
S; - S; for the 1%¢, 2"? and 3" nearest neighbors of each atom and dividing by the
number of atoms in the unit cell. Applying this procedure to the rotation with two
atoms per unit cell according to Fig. 6.3 ¢ we obtain

Fau(a) = —52{(,]1 4 1)(2 + dcosa) + 6J3} (6.23)

for the energy per atom. Similarly, for the rotation with three atoms per unit cell
according to Fig. 6.3 d the energy per atom is given by

Esai(@) = —52{(J1 + J3)(4cosa + 2 cos 2a) + 6J2}. (6.24)

As we have pointed out before the results we obtained from our ab-initio calculations
for the unsupported monolayers of Mn are in disagreement with the shape of Esu ().
A term proportional to cos 3a, which cannot be provided by the Heisenberg model,
is needed to fit the result for Mn. Such a term can only be provided by high order
interactions.

6.2.4 The four-spin and the biquadratic interaction

Exchange interactions beyond the Heisenberg model can be obtained from a pertur-
bation expansion of the Hubbard model. Assuming that the intra-atomic Coulomb
repulsion U is large compared to the transfer integrals between the sites ¢;;, a per-
turbative treatment in the limit of small transfer integrals can be applied. Up to the
second order such a perturbation expansion reproduces the Heisenberg model with a
Hamiltonian proportional to S; - S;. However, going beyond the second order yields
more complicated spin interactions. In addition to terms that are proportional to
S; - S;, which can be incorporated into the Heisenberg model, the fourth order per-
turbation treatment yields two terms that have a different form. One is the four-spin
exchange interaction (4-spin):

Hygpin = — Y Kijaa[(SiS;)(SkS1) + (S;Sk)(SiS:) — (S:Sk)(S;S1)]- (6.25)

ijkl

The 4-spin interaction arises from the hopping of electrons over four sites, i.e. the
process 1 -+ 2 — 3 —+ 4 — 1. The other term is the biquadratic exchange:

Hyiquadar = — Z B;;(S; - Sj)z- (6.26)

ij
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In this section we investigate how these two terms contribute to the energy of the
magnetic states that we have introduced in the previous sections. In both cases we
restrict ourselves to the nearest-neighbor approximation.

In the case of the 4-spin interaction nearest-neighbor approximation means that
the four sites ¢, 7, £ and [ involved form a minimal diamond. Such a nearest-neighbor
diamond is a parallelogram, where each side is a line connecting two nearest-neighbor
atoms. Two examples of minimal diamond clusters are shown in Fig. 6.10. Let us

Figure 6.10: Minimal diamond clusters on the triangular lattice.

consider the atom at the center of Fig. 6.10, which is labeled 1. There are 12 mini-
mal diamond clusters that contain this atom site. Hence, to calculate the contribu-
tion of the 4-spin interaction to the energy of a magnetic configuration according to
Eqn. (6.25) we have to sum over the 12 diamonds and repeat that calculation for all
atoms in the magnetic unit cell. We start with the largest class of magnetic states
discussed so far, i.e. the states that can be described by a single vector Q according
to Eqn. (6.16). This includes the spin-spirals but also the FM, the RW-AFM and the
Néel state. Using Eqn. (6.15) and (6.16) the product of a pair of spins is given by

Si-8; = S [cos(Q-Ry)cos(Q-Ry) +sin(Q- Ry)sin(Q - Ry)]
= S? cos(Q- (R: — Ry)). (6.27)

Next we consider the contribution of a single diamond cluster and simplify it:

(SiS;)(SkSi) + (S Sk)( S:) — (SiSk)(S;S)

=54 [ cos( R;))cos(Q - (R — Ry))
+ COS(Q ( Ry)) cos(Q - (R; — Ry))
— cos(Q- (R Rk»cos(Q-(Rj—Rz))}
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=54 [ cos(Q - (R; — R;)) cos(Q - (R — Ry))
+ cos(Q- (R; — Ry))cos(Q- (Ri — Re + Ry — Ry))
~ cos(Q- (R; — Ry)) cos(Q - (R; — Ry + Ry — Ry))]. (6.28)

Applying the the addition theorems for sin and cos three times this expression can
be simplified and we finally obtain

(SZS])(SkSl) + (S]Sk)(SlS,) - (S,Sk)(S]Sl) = 54 COS(Q . (Rz - R]’ + Rk - Rl)) = 54,

(6.29)
i.e. all minimal diamond clusters add the same contribution to the magnetic energy.
For every two-dimensional Bravais lattice the four atom nearest-neighbor clusters
that have to be considered to calculate the 4-spin interactions are parallelograms and
R; — R; + Ry — R; = 0. Hence, the result, that the contribution of each nearest-
neighbor cluster to the energy is K; S*, is valid for any two-dimensional Bravais
lattice. On the triangular lattice there are 12 minimal diamond clusters for each
atom. Thus, the 4-spin contribution to the energy of all magnetic states that are
represented by a single vector Q is given by

E4—spin,1Q =-12 Kl ‘94, (630)

where K is the nearest-neighbor 4-spin interaction constant. This result implies that
the 4-spin interaction does not change the energy of any of the states characterized by
a single @)-vector relative to each other. In particular, the energy difference between
spin-spirals with different g-vectors is not changed, i.e. the functional form of F(q)
is not changed by the 4-spin interaction.

Next we turn to the 3Q state. The magnetic states that are generated by (su-
perposition of) Q-vectors that correspond to the M-point have been discussed in
Sec. 6.2.2. There it has been shown that the 3Q state is formed out of four distinct
lattice sites. The four sites are labeled 1-4 in Fig. 6.10. Starting with site 1, e.g.
the atom at the center of the figure, and performing the summation over the twelve
minimal diamonds yields the contribution from this site to the energy due to the
4-spin interaction:

—4K:[(S184)(S2S3) + (S182)(S584) — (S155)(S284)]- (6.31)
The other three atoms in the unit cell give exactly the same contribution. Using
that the spins of the four sites are given by S; = (A4, B,C), S; = (—A4,—-B,C),
S; = (4,—B,—C) and Sy = (—A, B, —C) (cf. Sec. 6.2.2) the energy per atom due to
the 4-spin interaction can be written

—4K;[4(A" + B* + C*) - 5. (6.32)

For the RW-AFM state, where A? = §%, B = C = 0, Eqn. (6.32) reproduces the result
of Eqn. (6.30) E = —12 K; S*. The 3Q state is obtained for A = B = C = S/+/3.
Thus, the 4-spin contribution to the energy of the 3Q state is

4
Bispinsq = =3 Ki St (6.33)
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For completeness we also state the 4-spin contribution to the energy of the the 2Q
state, which is obtained for A = B = §/+/2:

E4—spin,2Q = —4 K1 S4. (634)

The 4-spin contribution to the energy of real-space rotations is calculated by the
same procedure, taking into account that the relative angle between two nearest-
neighbor spins is 0 or « in the two atom unit cell and « or 2« in the three atom unit
cell. For the rotation in the two atom unit cell according to Fig. 6.3 ¢ we obtain

Eyspin2ar(@) = —K; S*(8 + 4 cos 2a) (6.35)
and for the rotation in the three atom unit cell according to Fig. 6.3 d we find
By spin gat() = —K; 54(4 + 8cos3a). (6.36)

Here E(a) is the energy per atom. In both cases we find a functional dependence
of the energy on the angle o that can not be explained within the Heisenberg model
irrespective of how many neighbors are taken into account. In particular the term
proportional to cos 3« is the unit cell with three atoms is very important, since it
allows a much better description of the Mn results. This implies that the inclusion
of the 4-spin interaction allows a better modeling of the results from the ab-initio
calculations.

The calculation of the energy due to the biquadratic exchange involves pairs of
spin. Consequently, the meaning of the nearest-neighbor approximation is exactly
same as in the Heisenberg model. Also the procedure determining the energy of
the magnetic states is less complicated as in the case of the 4-spin interaction. The
energy is computed straight forwardly from Eqn. (6.26) by summing over the six
nearest neighbors of each atom in the unit cell. For spin-spirals with g-vectors along
the symmetry line M (q = (0, g,)) the energy due to biquadratic exchange amounts
to

Friquadar(d) = — B 54 <2 + 4 cos? <a?qy)) =—B; §4 (4 + 2 cos (a\/gqy)) ,
(6.37)

where B; is the biquadratic nearest-neighbor exchange constant. On the line I'-K
(a = (s, 0)) we have

1
Bhiquaar(@) = —B; S* (4 cos? (aiqz) + 2 cos? (aqz)> (6.38)
= —B; 5*(3+2cos(agy) + cos (a2q,)) .
The energy of the FM state, the Néel state and the RW-AFM state can be obtained
from Eqn. (6.38) by substituting ¢, = 0, ¢, = 47/3a and ¢, = 27/a, respectively. Of

course, the FM state and the RW-AFM state can be calculated from Eqn. (6.37) by
substituting ¢, = 0 and ¢, = 27/ V/3a, respectively, which gives the same result. The
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energy of the 3Q state has to be calculated directly from Eqn. (6.26). The results are
listed below:

Eiquadr,rm = —6B15* (6.39)
3

Ebiquadr,Néel = _53154

FBhiquadr rw-_Arm = —6B;S*

Ebiquadr,2Q = _2BIS4-

2
Friquadr,3q = —53154-
For the rotations with two and three atoms per unit cell we obtain:

Ebiquadr,zat(a) = —Bl 54(2 +4 COS2 Ol) = —Bl 54(4 + 2cos 2@) (640)
Friquadr3at(@) = —Bi S*(4cos® a + 2 cos® 2a) = —B; S*(3 + 2cos 2a + cos 4a).

At the end of this section we summarize the energies of all relevant magnetic states
within the Heisenberg model up to the third nearest-neighbor interaction including
in addition the contributions due to the 4-spin interaction and biquadratic exchange.

Bey = -S*{6J1+6),+6Js) — S*{12K; + 6By} (6.41)
Bxea = —S*{—3Ji+6J—3J5} — S*{12K, + 231}
Brw-arm = —S*{—2J; — 2], +6J5} — 54{1211(1 +6B,
By = —S*{—2Ji—2Jy+6J3} — 54{ K + 231}
Egsraila) = —S*{Ji(2+4cos (a?qy)) + Ja (4 cos (a?qy) + 2 cos (av/3g,) )
+J3(2 + 4 cos (av/3g, ) }
—5*{12K; + By (4 + 2 cos (afqy)) }
Fysrra) = ~5*{7(2cos (ag.) +4cos (a34.)) + o (4cos (a2a.) +2)

+J3 (2 cos (a2qm) + 4 cos (aqm))}
54{12K1 + By (3 + 2cos (agy) + cos (a2¢,)) }
Foai(a) = 52{ Ji + J2)(2 +4cosa) + 6.]3} St {(2K1 + B1)(4 + 2 cos 2a)}
Esai(a) = 52{ (J1+ J3)( 4cosoz+2czos2a)+6J2}
S4{K1 (4 4+ 8 cos 3a) + B1(3 + 2 cos 2a + cos 4a)}
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6.3 Unsupported monolayers: Spin-spirals and
the 3Q-state

In Sec. 6.1 we presented the results of self-consistent non-collinear calculations, where
we rotated the magnetic moments in real space on paths that connect high symmetry
magnetic states, i.e. the ferromagnetic (FM) state, the row-wise antiferromagnetic
(RW-AFM) state and the Néel state. The results that we obtained from the ab-initio
calculations where surprising, in particular for the case of Mn, and cannot be under-
stood within the framework of the nearest neighbor Heisenberg model. The inves-
tigation of the Heisenberg model in the previous Sec. (6.2) up to the third nearest-
neighbor interaction and also higher order exchange interactions, i.e. the four-spin
interaction and the biquadratic exchange, showed that, in order to gain a thorough
understanding of itinerant magnetic materials and to predict the magnetic ground
state of such materials on the triangular lattice, it is necessary to take further mag-
netic configurations into account that we omitted in Sec. 6.1. The additional magnetic
states that need to be investigated are spin-spirals (SS) with g-vectors along the high
symmetry lines of the Brillouin zone and the triple-Q (3Q) state. From our previous
analysis of the 4-spin interaction and the biquadratic exchange, the 2Q state can
be excluded. The 3Q state is particularly important in the case of Mn, because the
calculations of Sec. 6.1 show that the RW-AFM state has the lowest energy among all
magnetic states investigated for the unsupported monolayers (UMLs) Mn/Cu(111)
and Mn/Ag(111). Within the Heisenberg model the RW-AFM state and the 3Q state
are degenerate, and therefore the 3Q) state is a possible candidate for the ground state
of these systems.

In this section we present the results of self-consistent ab-initio calculations of spin-
spirals with g-vectors on the three high symmetry lines, I-M, I'-K and K-M, in the
Brillouin zone of the two-dimensional hexagonal lattice. We also present calculations
for the 3Q state, in particular comparing the energy to that of the RW-AFM state.

6.3.1 Computational details

Both the spin-spiral calculations and the calculation of the 3Q state were performed
self-consistently in the local density approximation. The exchange correlation po-
tential and a computational parameter were chosen as described in Sec. 6.1.1. Only
the k-point sets differ from those described in Sec. 6.1.1 because of the different unit
cells used. The spin-spiral calculations were carried out using the implementation
explained in Sec. 5.5. At this point we would like to remind the reader that due to
the existence of the g-vector in spin-spiral calculations the symmetry is reduced and
the k-points have to be distributed in the full Brillouin zone. The p(1 x 1) unit cell
of the spin-spiral calculation contains only one atom. We checked the k-point conver-
gence for each system separately and found that the size of the k-point set necessary
to converge the energy differences between the magnetic configuration is quite differ-
ent for the different systems. To obtain converged energy differences we needed 256
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k-points in the full Brillouin zone for Cr/Ag, 529 k-points for Cr/Cu, Mn/Cu and
Fe/Ag and 1024 k-points for V/Ag, Mn/Ag and Fe/Cu. With these k-point sets it is
also guaranteed that the energy differences obtained from the spin-spiral calculation
between for example the FM and the RW-AFM state or the FM and the Néel state
agree with the corresponding energy difference calculated in real space with two and
three atoms per unit cell. The unit cell of the 3Q state contains four atoms and we
used a k-point set that corresponded to 256 k-points in the full Brillouin zone. Once
more this k-point set allows a direct comparison with the energies calculated in other
unit cells.

6.3.2 Results for the spin-spirals

In Fig. 6.11 the local magnetic moment and the total energy of the UMLs with
the Cu lattice constant are shown as function of the spin-spiral ¢-vector. The top
panel contains the result of the Cr/Cu(111) UML. From the rotations in real space
we know that the ferromagnetic solution does not exists for this system. Thus, we
expect to find no magnetic solutions with spin-spiral g-vectors close to the I'-point.
The calculations confirm this conjecture. It can clearly be seen that the magnetic
moment decreases and finally disappears when the g-vector approaches the I'-point
on the symmetry line I-M or I'-K. In the region where a magnetic solution exists the
energy is in agreement with the expectation from the nearest neighbor Heisenberg
model, though a comparison with the Heisenberg model is difficult to justify because
of the strong change in the magnetic moment. The energy has a pronounced minimum
at the K-point. The K-point corresponds to the 120° Néel state, which we have
already found to have the lowest energy among the configurations we calculated for
the real-space rotations.

In the case of Mn we find stable magnetic solutions over the whole range of g-
vectors. In fact, the magnetic moment is almost independent of the g-vectors. As we
know already from the calculation rotating the magnetic moments in real space, the
energy at the M-point, which corresponds to the RW-AFM state, is lower than the
energy at the K-point, which corresponds to the Néel state. A feature of E(q) that
cannot be anticipated form the results in real space is the surprising local minimum of
the energy between I' and K. This corresponds to a spin-spiral state with a g-vector
of q ~ 0.7K. The energy of this minimum is only about 21 meV higher than that
of the RW-AFM state. A reason for this feature could be a strongly negative second
nearest-neighbor exchange integral J, (cf. Fig. 6.8), which would also explain that
E(q) shows a local maximum at the K-point.

The magnetic moment of Fe is slightly smaller than that of Mn and not as stable.
Still, the variation is almost negligible. The range of the variation is smaller than
for example during the rotation with three atoms per unit cell. This is also true
for Mn/Cu. This could possibly be a consequence of the fact that the spin-spirals
are highly symmetric states, while the intermediate states of the real-space rotation
have a lower symmetry. An indication of the lower symmetry are the different local
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Figure 6.11: The total energy and magnetic moment of 3d-UMLs with
Cu(111) geometry as function of the spin spiral g-vector. Shown are the cal-
culated total energy relative to the RW-AFM energy (circles, left scale) and
the magnetic moments (triangles, right scale).

moments of the atoms in the three-atom unit cell. The shape of the energy curve of
Fe/Cu seems to be dominated by a ferromagnetic nearest-neighbor coupling, showing
a minimum at the I'-point and a maximum at the K-point. A very interesting aspect
of the Fe/Cu system is the shape of F(q) in the region around the T-point. In that
region F(q) is almost independent of the g-vector. One consequence of the energy
curve having such a flat shape could be an instability of the Fe film against magnetic
fluctuations. In terms of the Heisenberg model this shape of E(q) can be accounted
for by a negative J, and/or J;. A negative J, can also explain the pronounced
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Ag(111) geometry as function of the spin spiral g-vector. Shown are the cal-
culated total energy relative to the RW-AFM energy (circles, left scale) and
the magnetic moments (triangles, right scale).
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maximum at the K-point (cf. Fig. 6.8).

The results of the UMLs with the Ag lattice constant are presented in Fig. 6.12.
All materials, V, Cr, Mn and Fe, have stable magnetic solutions for all g-vectors
along the high symmetry lines and the local magnetic moments vary only within a
very small range. Only V shows a slightly stronger variation of the moment in a
range of about 2.6 — 2.8 ug. This result is not unexpected, since the variations of the
moments of the UMLs with the Ag lattice constant during the real-space rotation are
also small.

At first glance the result of the spin-spiral calculation for V looks surprising.
However, the unusual form of the energy curve can be reproduced by the Heisenberg
model, if J; is negative and J, and/or J; are positive and about the same order
of magnitude as J;. The energetics of Cr appear to be dominated by the nearest-
neighbor coupling. F(q) is extremely similar to the contribution of J; (in Fig. 6.8).
The minimum at the K-point is not as pronounced as on the Cu lattice constant.
The result for the Mn UML with the Ag lattice constant is similar to that on the
Cu lattice constant. The local maximum at the K-point and the local minimum at
q ~ 0.6K on the line [-K appear more pronounced. However, E(q) varies in a much
smaller energy range than in the case of Mn/Cu(111). This means, that increasing
the lattice constant from Cu to Ag reduces J; more strongly than J,. The opposite
seems to be the case for Fe. The influence of exchange beyond nearest neighbor is
reduced with the Ag lattice constant. As a consequence, the maximum at the K-point
is not as clear-cut as in the case of Fe/Cu(111) and E(q) has a much larger curvature
around the I'-point.

As a last magnetic configuration we consider the 3Q state (cf. Fig. 6.7). In par-
ticular, we consider the energy difference between the 3Q state and the RW-AFM
state. This energy difference has a special significance, because the two magnetic
configurations are degenerate within the Heisenberg model irrespective of how many
nearest neighbor shells of atoms are taken in to account. This energy difference is
purely due to higher order spin interactions. According to Eqn. (6.41) the energy
difference per atom is given by

16
EgQ - ERW—AFM = ?84{2}-{1 + Bl} (642)

Esq — Erw-arum per atom is plotted as a function of the 3d-element in Fig. 6.13. First
of all, it can be seen that the difference between the 3Q) state and the RW-AFM state
is in the order of 20 meV and thus generally smaller than the difference between the
FM state and the RW-AFM state. That means that the energy differences due to
higher order interactions are roughly one order of magnitude smaller than the first
order effects for the system investigated here. At the Ag lattice constant the energy
difference E3q — Erw-arum is positive for all UMLs, which means that the RW-AFM
state is preferred over the 3Q state. The size of the energy difference depends strongly
on the material. The largest value of 36 meV is found for V and the smallest value
of 9 meV is found for Fe. On the Cu lattice constant the 3Q state has a lower energy
for Cr and Mn, but a higher energy for Fe. In the case of Cr this does not have any
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Figure 6.13: The total energy difference between the 3Q) state and the RW-
AFM (1Q) state as a function of the 3d-element. The plot contains results
for UMLs with the Cu (circles) and Ag (squares) lattice constant. Negative
values mean that the 3Q state has a lower energy.

consequence for the magnetic ground state of the system, since the energy of the Néel
state is clearly lower than that of both, the 3Q and the RW-AFM state. However,
for Mn the RW-AFM state has the lowest energy of all configurations investigated
so far. Since F3q — Erw-arum is negative, the 3Q state has the lowest energy among
all magnetic configurations. Thus, the 3Q state is the magnetic ground state of the
Mn/Cu(111) system. The calculated magnetic moments in the RW-AFM and 3Q
state are almost identical for all materials.

UML FM FI SS Néel 3Q | ground state
Cr/Cu - =26 - -97 -6 Néel
Mn/Cu | 358 44 21 68 —15 3Q
Fe/Cu | —174 47 - 73 33 FM
V/Ag 35 —16 — —16 36| FIor Néel
Cr/Ag 273 10 - -39 18 Néel
Mn/Ag 128 26 15 48 28 | RW-AFM
Fe/Ag | —164 35 — 49 9 FM

Table 6.7: Energies of the different magnetic configurations relative to the
energy of antiferromagnetic (1Q) configuration in meV. The Cr/Cu system
does not have a stable ferromagnetic solution.

The energies of all relevant magnetic states of the unsupported monolayers are
summarized in Tab. 6.7. The energies are relative to the energy of the RW-AFM
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state. Thus, negative values mean that the corresponding magnetic configuration
has a lower energy than the RW-AFM state. If all energies listed are positive, as for
Mn/Ag, the RW-AFM state has the absolutely lowest energy and is the ground state
of the system. In the case of Mn we found a local minimum of the energy for spin-
spirals with g-vectors on the line T-K. The energy of this configuration is provided in
the column denoted SS and was calculated only for Mn. The corresponding ¢-vectors
are q ~ 0.7K for the UML Mn/Cu(111) and q =~ 0.6K for the UML Mn/Ag(111) (cf.
Fig. 6.11 and 6.12).

An amazing characteristic of these results is the large variety of predicted ground
states, including the FM, the RW-AFM, the 120° Néel, the 3Q and possibly (in the
case of V) the FI state. The UMLs of Cr reach their lowest energy in the Néel state
on both, the Cu and the Ag, lattice constants. The Néel state is generated by g-
vectors form the K-point. In the case of Mn the energy becomes minimal for the 3Q
state (Mn/Cu) and the RW-AFM state (Mn/Ag), respectively. Both configurations
correspond to the M-point in the Brillouin zone. The Fe UML are ferromagnetic
on both lattice constants, i.e. J(Q) becomes maximal at the I'-point. Thus, the
ground states of these three systems already cover all high symmetry points in the
two-dimensional Brillouin zone. For the UML V/Ag the magnetic ground state can
not be predicted with certainty, because two states, the ferrimagnetic (FI) state and
the Néel state, are very close. The accuracy of the calculation does not allow to
decide which of the two states has the lower energy.

6.3.3 Tests of the convergence with respect to numerical cut-
offs

The two most important numerical parameters, which also have the strongest influ-
ence on the computer time needed for a calculation, are the number of basis func-
tions controlled by the the planewave cutoff k.., and the number of k-points used
for the Brillouin zone sampling. Our aim was to achieve an accuracy of about 1 —
2 meV /atom of the calculated total energy differences. The biggest absolute varia-
tions of the total energy differences are of course expected between those states, for
which the total energy difference is largest. Between those states the required absolute
accuracy of 1 — 2 meV/atom corresponds to the smallest relative error. Therefore, we
decided to consider the energy difference between the FM and the RW-AFM state,
for most of our convergence tests. For the convergence tests with respect to the k-
point set and the planewave cutoff for the basis functions we have also included the
energy difference between the Néel state and the RW-AFM state. As expected, the
changes of the latter energy difference with respect to the computational parameters
were always smaller than that of Frpy — Erw-arm-

We performed systematic tests of the k-point convergence for the spin-spiral cal-
culations. These calculations have the smallest unit cell and cover a large variety of
magnetic states. In fact, most of the energies presented in Tab. 6.7, except the ener-
gies of the 3Q) and FI state, are obtained from spin-spiral calculations. We calculated
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FEpy — Erw-aru for different k-point sets and increased the number of k-points until
the desired accuracy was reached. Fig. 6.14 shows the energy difference as a function
of the number k-points in the full Brillouin zone for two examples. We have chosen

Energy (meV per atom)
LI -
| |

1
&

| | :
256 529 1024 1936
Number of k-points

Figure 6.14: Test of the convergence of the total energy difference with
respect to the number of k-points for the UMLs Fe/Cu (squares) and Mn/Ag
(circles). The plot shows the energy difference between the FM and RW-
AFM state (solid symbols) and between the Néel and the RW-AFM state
(open symbols). All energy differences are relative to the corresponding energy
difference with the largest k-point set of 1936 k-points in the full Brillouin zone.

the UMLs Fe/Cu and Mn/Ag, as they are two examples for the systems that required
the largest k-point sets (cf. Sec. 6.3.1). The energy differences in Fig. 6.14 are normal-
ized to the value obtained with the largest k-point set (1936 k-points), i.e. we actually
plotted the quantity AE(Nypt) — AE(1936), where Ny is the number of k-points. It
can be seen that Fngi — Erw-arpm converges faster than Epy — Erw-arpm. For both
cases we have used the k-point set with 1024 k-points for all further calculations.

In order to test the convergence of the energy differences with respect to the
planewave cutoff we have increased kma, from 3.7 a.u.”! to 4.1 a.u.”! (from 115 to
160 basis functions per atom) for the UMLs with the Cu lattice constant and from
3.3 a.u.”! to 3.7 a.u.™ (from 125 to 180 basis functions per atom) for the UMLs
with the Ag lattice constant. The change of the energy difference was always clearly
smaller than 0.5 meV per atom. Only for the Mn/Cu system we found a change of
0.8 meV per atom for both EFM — ERW-AFM and ENéel — ERW-AFM-

For some selected systems we have also increased the planewave cutoff for the
expansion of the density Gua.x and the number of the radial mesh points for the
representation of the radial basis functions inside the muffin-tin sphere. In all tested
cases the changes were negligible.

Due to the approximation of a collinear magnetization inside the muffin-tin
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spheres (cf. Chap. 5 and Fig. 5.1) it is very important to investigate how a change
of the muflin-tin radius Ryt affects the results of a non-collinear calculation. Such
a test has already been presented in Sec. 5.4.2 where we have tested the implemen-
tation of the constrained local moment method. We used the real-space rotation of
a Cr/Ag(111) UML in the unit cell with two atoms. The calculation was performed
with two different muffin-tin radii, 2.75 a.u. and 2.00 a.u. In Sec. 5.4.2 we focused
on the change of the constraint field and the total (parallel) magnetic moment in the
muffin-tin. Here we are mainly interested in the change of the calculated total energy.
The total energy is shown in Fig. 5.4. Let us consider the energy difference between
the ferromagnetic state and the antiferromagnetic state, Epy— Erw-arm, and between
the ferromagnetic state and the configuration where the angle a between the rows
of magnetic atoms is 90°, Epy — Fggo. Setting the muffin-tin radius to 2.75 a.u. we
obtain Epy — Erw-arm = 272 meV /atom and Epy — Fgge = 153 meV /atom. When
Ry is reduced to 2.0 a.u. these energy differences change by 2.3 and 1.9 meV/atom
respectively. It should be noted, that reducing Ryt from 2.75 to 2.00 a.u. means a
radical change, because the volume of the spheres is reduced by a factor 2.6. And, in
addition, the planewave cutoff k., has to be increased, when Ryt is decreased. A
remarkable consequence of this result is that apparently for the 3d transition metals
the approximation of a collinear magnetization in the muffin-tin spheres does not in-
troduce a significant error for a total energy calculation. The FM and the RW-AFM
state are collinear magnetic configurations, i.e. the magnetization of the Cr UML is
exactly collinear everywhere in space. Only the 90° state is non-collinear and replac-
ing the magnetization inside the sphere by a collinear one is an actual approximation.
However, the change of the energy differences Ery — Erw-arm and Epy — Fogge has
almost the same size. Hence, the approximation of a collinear magnetization in the
muffin-tin spheres is not crucial for the systems considered here.

6.4 Discussion of the results for the unsupported
monolayers

In this section we will discuss the result all ab-initio calculations for the unsupported
monolayers, the real-space rotations of the magnetic moments (Sec. 6.1) as well as the
spin-spiral calculation and the 3Q state (Sec. 6.3). We will first determine estimates
of the exchange integrals by fitting the results to the Heisenberg model. Afterwards
we will discuss the trends for the different 3d elements in term of the magnetic phase
diagram of the Heisenberg model.

6.4.1 Estimate of exchange parameters

In order to gain a better understanding of the results of our ab-initio calculations we
fitted the data using the functional dependence of the energy within the Heisenberg
model. The equations for the energy as a function of the spin-spiral vector and the
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angle «, respectively, in the Heisenberg model including higher order terms have
were in Sec. 6.2 (Eqn. (6.41)). The aim of the fitting procedure was to obtain only
an estimate of the parameters of the model Hamiltonian Jy, J5, J3, K1 and B;. To
achieve this with simplest possible fitting procedure we chose Esa () and Egg 1 % (q)
for our fits, because the fit to F3,; () allows the determination of S%(J; + J3), S*K;
and S*B; and the fit to Eyq 5 z(q) allows us to calculate S2J;, S?J, and (25%J5 +
S%B;). In contrast, fits to Eay () and Fgg 1.37(q) only allow the determination of
two independent parameters.

UML | S?(Ji +J5) S°K; S°B; FEsq — Brw-aru
Mn/Cu| -346  —26 3.7 —8.0
Fe/Cu 281  —02 —1.0 75
V/Ag —6.8 0.1 26 149
Cr/Ag —33.3 0.3 —26 ~10.7
Mn/Ag | -10.6  —1.1 3.2 5.3
Fe/Ag 249  —01 -25 —14.4

Table 6.8: Exchange constants including K; and B; as obtained from a fit
to E3at(a). The last column contains the energy difference between the 3Q
and the RW-AFM state as calculated from the fitted values of Ky and B;
according to E3q — Erw-ArM = 16/3S*{2K; + B }.

The parameters obtained from the fit of F3,;() are presented in Tab. 6.8. We did
not perform a fit for the Cr UML with the Cu lattice constant, because of the strong
change of the magnetic moment. The Heisenberg exchange parameters are much
larger than the exchange parameters of the higher order spin interactions in agreement
with the results obtained for the energy difference between the 3Q and the RW-AFM
state. The magnitude of K; is mostly very small. Only the values computed for the
Mn UMLs stand out. The 4-spin interaction provides a term proportional to cos 3a
in E3u (). Thus, the size of K; is the origin of the local maximum at o = 120° found
for the Mn UMLs.

UML S%J,  S%J,  (25%J;+ S*B))
Mn/Cu | —31.2 -13.9 —6.3
Fe/Cu 29.8 8.8 -5.1
V/Ag | —144 9.9 17.1
Cr/Ag | —38.7 44 7.9
Mn/Ag | —9.6 —7.0 —0.3
Fe/Ag 251  —4.9 —3.6

Table 6.9: Exchange constants including B; as obtained from a fit to
Esstx(Q)-
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Tab. 6.9 contains the parameters determined from a second fit to Eqq & %(q). This
fit allows a direct calculation of J; and J,. It can be seen that, though J; represents
the largest parameter in all cases, the contribution of J; is substantial. J; is clearly
larger than the terms due to higher order spin interactions. Taking the results of the
two fits together we can also calculate the missing parameter Js, e.g. from J; and
(J1 + J3). Tt is of cause also possible to use S*B; and (25%J; + S*B;) instead. All
parameters including J3 are summarized in Tab. 6.10.

UML | 5%J, &%J;, S°J; S'K: S'B, FEsq— Eaw-arm
Mn/Cu | —31.2 —139 —34 —-26 05 —25.1
Fe/Cu | 298 —88 —17 —02 —17 —11.2
V/Ag |-144 99 76 01 1.9 11.2
Cr/Ag | —387 44 54 03 —29 -123
Mn/Ag | —96 -7.0 —-1.0 —-11 1.7 —27
Fe/Ag | 251 —-49 —02 -0.1 -32 181

Table 6.10: Exchange constants calculated from 6.8 and 6.9. $2J3 has been
calculated according to S2J3 = S%(Jy +J3) — S?J; taking the values of S?(J; +
J3) and S2J; from tables and 6.8 and 6.9, respectively. Similarly, S*B; has
been calculated according to $*B; = (252J5 + S4B;) — 25%J3, in addition to
the direct determination from a fit in Tab. 6.8. The last column contains the
energy difference between the 3QQ and the RW-AFM state as calculated from
the fitted values of K; and B; according to F3q — Frw-ArMm = 16/354{2K1 +
B1} using the new value of S*B;.

In Tab. 6.8 and 6.10 we present two different values of B;. The values in table 6.8
have been directly determined from the fit of E3, (), while the values in Tab. 6.10
have been calculated indirectly from (252J3 + S*B;) and 252 Js, which itself has been
calculated indirectly (cf. Fig. 6.10). Therefore, we expect the values in Tab. 6.8 to
be more accurate, since the second values of B; determined in Tab. 6.10 accumulate
the errors of Ji, J; + J3 and (25%J3 + S*B;). The comparison of the two results
for B; can serve as test for the applicability of the fit procedure. In all cases the
sign of the two calculated values of B; agrees, but the size of B; differs significantly.
In particular for Mn/Cu, but also Mn/Ag, this difference is very large. A different
check of the quality of the calculated values of B; and K; is a comparison with the
total energy difference between the 3QQ and RW-AFM state. This energy difference
is given in terms of the higher order exchange parameters by E3q — Frw-arm =
16/35S*{2K; + B;}, i.e. E3q — Frw-aruM can be calculated from K; and B and are
directly comparable to the total energy differences presented in Tab.6.7. The values
of E3q — Erw-arm that correspond to K; and B; obtained from the fits, using the
two results for B; given in Tab 6.8 and 6.10, are presented in the last column of
Tab. 6.8 and 6.10, respectively. The outcome is rather disappointing. Only half the
values of F3q — Erw-arm Obtained from K; and B; have the correct sign, and even
when the sign is correct, the magnitude is usually quite far off. The reason for this
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inconsistency of the results could be the neglect of further exchange integrals, Jy, Js,

., but also higher order terms like K5, By, ... If such terms contribute to Esu ()
and Egq 5 x(q) in a similar way like Ji—3, Ky and B; the outcome of the fit might
be inaccurate. Looking at Ji—3, S2J; can be expected to be comparable to S*K;
and S*B;. On the other hand, the contribution of K; to Fj3,(c) is proportional to
cos 3a, which cannot be provided by any J;. Thus, the values of K; are problably
more reliable than B;.

In conclusion we can say that the parameter Bj, but also K;, were not deter-
mined consistenly and sufficiently reliably by our calculations. In order to determine
these parameter more accurately it is probably necessary to include further exchage
parameters Jy, Js, ... and perhaps also K5, By, ... into the study. It might also
be helpful to choose real-space spin rotations or spin-spirals specifically selected to
determine certain model parameters. However, we can say with certainty that higher
order terms, i.e. Ky and Bj, play an important role for the 3d-metals, since their
magnitude is comparable to Jy, J3, ... This last statement is independent of the
fits to Fsa (o) and Eygrx(q). The importance of the higher order terms can be
appreciated directly from the energy difference between the 3QQ and the RW-AFM
state, because the two states are degenerate within the Heisenberg model irrespective
of how many nearest neighbors are taken into account. To stress once more, it is not
our total energy calculations which are in question, but the quality of the fit to the
exchange parameters due to an insufficient data set of self-consistent calculations.

6.4.2 Discussion and classification of the results in terms of
the exchange parameters

For fcc and bee bulk transition metals it is well know [THOAS82| that the exchange
integrals are rapidly oscillating functions of the band filling. Since we have not per-
formed calculations for all elements of the 3d transition metal series, we cannot discuss
in detail this dependence of exchange parameter J; to J;, K; and B for the (111)
oriented UMLs. From Ref. [THOA82] we conclude that the exchange parameters J,
have at least 2n zeros as function of the band filling, ignoring zero and full band
filling. K; and B; are expected to behave similar to J;. Despite the deficiencies
of the fit of J; to J3 and in particular K; and B; discussed in the previous section
several trends are for the exchange parameters are clearly visible in Tab. 6.10. One
is certainly the change of the sign as function of the band filling represented here
by the different elements of the 3d transition metal series. It can be seen that J;
is negative for V, Cr and Mn, and changes sign between Mn and Fe. A closer look
reveals that the magnitude of J; first increases from V to Cr and then decreases
again from Cr to Mn, and as said changes sign and becomes positive between Mn
and Fe showing again a large magnitude for Fe. It nicely resembles an oscillatory
function on a coarse grid. J, changes sign between Cr and Mn. In contrast to J;
it is positive for V and Cr and negative for Mn and Fe. J; and K; show basically
the same behavior as Jz, but the magnitude of J; for Fe/Ag is already quite small.
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An additional change of sign for J; is expected for a band filling slightly larger than
Fe. B; changes sign for every element. B is positive for V and Mn and negative for
Cr and Fe. So far, the discussion on the signs holds for the UMLs on the Cu(111)
an well as the Ag(111) lattice constant and we speculate that it is intrinsic to the
electronic structure of the UMLs. In a second step we compare the magnitude of the
different exchange parameters. It can be seen that in general the exchange integrals
decrease from J; to Js. K; and B; are typically one order of magnitude smaller than
Ji, but comparable in magnitude to Js, and thus cannot be neglected. Comparing the
exchange parameters of Mn and Fe on the Cu(111) lattice with those of the Ag(111)
lattice several observations can be made: in general the magnitudes of J5, J; and K7,
and to some extend also Ji, are significantly larger at the Cu lattice constant than
at the Ag lattice constant, irrespective of the size of the magnetic moments, which
are larger on the Ag lattice constant. We attribute this trend to the larger overlap
of the 3d wave functions of neighboring atoms due to the smaller lattice constant of
Cu. The exchange parameter for the biquadratic exchange B; does not follow the
trend of J; — J;3 and K;. Instead B; is in general larger for the unsupported tran-
sition metal monolayers on the Ag lattice constant than on the Cu lattice constant.
If might be that the biquadratic exchange is more strongly dependent of the size of
the local moment or the intra-atomic exchange, i.e. the local Coulomb interaction,
respectively. We have not investigated this point, but we see that the ratio of K;/B;
changes significantly between the monolayers on Cu and Ag lattice constant. This
change has an important effect of the magnetic ground state. For Mn/Cu(111) and
Mn/Ag(111) the RW-AFM state has the lowest energy among all spin-spiral states,
but the ground state of the Mn/Cu(111) is the 3Q state since 2K; > Bj, while
the ground state of Mn/Ag(111) is the RW-AFM state since 2K; < B; (actually
2K, =~ B; within the accuracy of the calculation). We suspect that the ratio K;/B;
depends sensitively on the hybridization with the substrate. Finally, we would like to
mention a further apparent trend, the decrease of J, and in particular Js from V to
Fe. This trend could reflect that with increasing nuclear number the localization of
the 3d wave function increases, which leads then to a smaller overlap of the 3d wave
function with the second and third nearest neighbor atoms. On the other hand the
values given in Tab. 6.10 may exaggerate this effect, since the maxima of J, and J;
as function of the band filling might be at fractional values of the nuclear number,
which we have not calculated.

As a next step it is very interesting to discuss the calculated exchange integrals in
terms of the phase diagram of the Heisenberg model that was derived in Sec. 6.2.3.
Let us begin with the two-dimensional phase diagram (J; = 0, Fig. 6.15 a). V and
Cr have a negative J; and a positive J;. Thus, they are found in the upper left
quadrant of the phase diagram as indicated in Fig. 6.15 a, which corresponds to the
Néel state. Mn has a negative J, and the magnitude of J, is between 1/8J; and J; on
both lattice constants. Thus, Mn lies in the region of the RW-AFM ground state. Fe
has a positive J; and a negative Jp, which is larger than —1/3.J;. Hence, it lies in the
region of the FM ground state. However, for the UML Fe/Cu(111) the magnitude of
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J> is almost 1/3 of the magnitude of Ji, i.e. Fe/Cu(111) is very close to the border
between the FM and the spin-spiral ground state. If we assume continuously varying
exchange coupling constants as function of the band filling the lines connecting the
points in Fig. 6.15 a are interpreted as paths of the band filling in the phase diagram.
It is interesting to notice that the path from Mn to Fe crosses the region of the
spin-spiral state on the high symmetry line I-M. Including J; modifies the phase
boundaries and an additional phase, the spin-spiral state on the symmetry line I'-K,
is crossed. Thus, slight changes of the band filling, and hence the electronic structure
and the exchange parameters, may lead to a drastic change of the magnetic ground
state. Therefore, without accurate ab-initio total energy calculations including spin-
spirals, predictions of the magnetic ground state of films made of MnFe alloys will be
impossible. We will return to this point below.

As said before, when J3 is included in the discussion the problems get slightly
more involved. Fig. 6.15 b and ¢ show magnified details of Fig. 6.9 b and c. The
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exchange integrals have been normalized to J; = 1 and J; = —1 respectively. V
and Cr are found in the Néel region, though Cr is very close to the border of the
RW-AFM state. Mn/Cu and Mn/Ag are both extremely close to the border between
the RW-AFM and the spin-spiral state on the symmetry line [-M. In fact, the UML
Mn/Ag is just in the region of the spin-spiral ground state in disagreement with our
ab-initio results (Tab. 6.7 and Fig. 6.12). A similar problem is found for Fe. Fe/Ag
lies in the FM region, but Fe/Cu lies in the region of the spin-spiral, again very close
to the border of that region. The tendency towards a spin-spiral ground state can
be seen for both these systems, Fe/Cu and Mn/Ag, in Fig. 6.11 and 6.12. In the
case of Fe/Cu Ess(q) has an extremely flat shape around the T-point. In particular,
the first 2-3 points on the line -M have almost the same energy as the I'-point.
A slightly more negative value of J; would create a minimum in that region and
the corresponding spin-spiral state would become the ground state of the system. A
similar feature is found close to the M-point of Mn/Ag. Here, the first three points
on the line M-T are practically on one level and again a stronger contribution of J,
would lead to a new ground state.

As we have discussed previously, the exchange integrals are oscillating functions
of the band filling. We found that J; changes sign between Mn and Fe, but J; is
negative for both elements. Therefore, we expect J; to become small compared to
Jy for a band filling in between Mn and Fe. Such systems can be realized by an
alloy of the two metals. In the theoretical calculation we can also model this kind
of alloy by using fractional nuclear numbers. In order to investigate the properties
of a possible Mn/Fe alloy we have performed a spin-spiral calculation of an UML
with a nuclear number of Z = 25.5 (cf. Zy, = 25, Zre = 26). The result of this
calculation is presented in Fig. 6.16. The energy is a global minimum for a spin-
spiral with a g-vector of about 0.6 M. Hence, the ground state is in fact a spin-spiral
on this symmetry line. On the other hand, this g-vector is six-fold degenerate in
the Brillouin zone of the two-dimensional hexagonal lattice. Thus, due to higher
order spin interactions a particular high symmetry superposition of several spin-
spiral states might be the magnetic ground state. Another pronounced minimum
is found at about 1/3 K on the line K. The energy of the second minimum is
only about 12 meV (= 150 K) higher than the ground state. For temperatures
below 150 K we expect that only spin-waves with spin-wave modes around the local
minimum between I' and M will also be excited. For higher temperatures around
150 K and higher, spin-wave around the second minimum will be excited. In this
case the dynamical and thermodynamic properties of the magnetic film become more
complex which requires a treatment by a mode-mode-coupling theory. This is beyond
the scope of this work. As a side remark, I would like to remind the reader that for
ultrathin films the critical temperature of the magnetization is determined by the
inter-atomic exchange interaction and the magnetic anisotropy. The latter is not
considered here and the critical temperature cannot be determined. However, in case
the critical temperature comes in the order of 150 K or higher, the second minimum
must be taken in consideration to reliable predict the Néel temperature. If such an
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Figure 6.16: The total energy of an UML with the nuclear number Z = 25.5
with Cu(111) geometry as function of the spin spiral g-vector. Shown are
the calculated total energy relative to the RW-AFM energy (circles) and the
magnetic moments (triangles).

alloy can be grown in an actual experiment, it might even be possible to influence the
ground state and the g-vector of the ground state by changing the composition. A
thorough investigation of the exchange constants as function of the nuclear number
Ji(Z) represents a very interesting project for the future. Not only as a model for

possible alloys, but also to compare with the theoretical predictions of Terakura et
al.[THOAS82]

6.5 Results for monolayers on substrate

So far we have considered unsupported monolayers as model system for monolayers
(ML) on an actual noble metal substrate. In order to confirm the results from the
UMLs and to obtain reliable predictions for the more realistic systems, the monolayer
on the substrate, we repeated the calculations including the substrate. However, due
to the enormous computational expenditure of such calculations, we concentrated on
the most important magnetic states. We performed this investigation in two steps.
First we established the geometry of systems by atomic force calculations. We relaxed
all atoms in a symmetric film with 7 layers of substrate and 3d-metal monolayers on
top of both film surfaces. The relaxations were carried out for the ferromagnetic MLs,
except for the case of Cr on Cu, where the antiferromagnetic ML was used, because
a ferromagnetic solution does not exist. These calculations were carried out in the
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generalized gradient approximation (GGA). The GGA is known to greatly improve
the lattice constants of 3d-metals, when the exchange and correlation potentials are
treated beyond the atomic sphere approximation [ASH"99]. Therefore, we applied
the GGA during the force calculations. In the second step we calculated the magnetic
energies for the different configurations using the local density approximation (LDA).
Due to the large computational effort of these non-collinear calculations we used
asymmetric films with 4 layers of substrate and 1ML of the 3d metal on only one side
of the film. The atomic positions obtained from the structural optimization in the
first step were used for all magnetic configurations.

6.5.1 Structural optimization of 3d-monolayers on Cu(111)
and Ag(111)

During the structural optimization we used a symmetric 9-layer film. The structural
optimization was performed for the ferromagnetic configuration. Thus, the surface
unit cell contained only one atom. Only for the Cr/Cu(111) system we relaxed the
atoms in the antiferromagnetic configuration, since no stable ferromagnetic solution
could be found. For the lateral lattice constants we used the values obtained from bulk
calculations of the respective substrates. We determined a lattice constant of ac, =
6.83 a.u. for Cu, which in very good agreement (+0.2%) with the experimental value
(@cuexp = 6.81 a.u.), while the value we obtained for Ag, aay = 7.84 a.u. is slightly
to large (+1.4%), compared to the experimental value acyexp = 7.73 a.u.). Starting
from the atomic positions of an truncated fcc Cu or Ag crystal, respectively, all
atoms in the film where relaxed using the atomic forces. These forces were calculated
according to Yu et al. [YSKO91].

Our calculations are based on the density functional theory in the generalized
gradient approximation (GGA) as formulated by Perdew et al. [PW92]. Using a
scalar-relativistic Hamiltonian, we employed a planewave cutoff of k., = 4.0 a.u.™?
for the MLs on Cu(111) and kp,, = 3.5 a.u.”! for the MLs on Ag(111), respectivley.
Both cutoffs correspond to about 95 basis functions per atom. For the expansion of
the charge density we used a planewave cutoff of Gpa = 12.0 a.u.”! for the MLs on
Cu(111) and Gax = 10.5 a.u.™! for the MLs on Ag(111), respectively. The muffin-tin
radii were chosen 2.15 a.u. for both Cu substrate atoms and the 3d-metals of the MLs
and in the case of the MLs on Ag 2.60 a.u. for the Ag substrate atoms and 2.40 a.u.
for the 3d-metals. The angular momentum expansion of the charge density inside the
muffin-tins spheres was truncated at [, = 8. For the k-space integration 40 special
k-points were used in the irreducible wedge of the two-dimensional Brillouin zones of
the unit cells containing one surface atom, which corresponds to 361 k-points in the
full Brillouin zone. For the calculation with two atoms in the surface unit cell, i.e.
for Cr/Cu(111), 45 k-points in the irreducible wedge, corresponding to 180 k-points
in the full Brillouin zone, were used. A structure was considered relaxed, when all
the forces on the atoms were smaller than 1 mRyd/a.u.

The relaxed atom positions are presented in table 6.11. All relaxations are given
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ML Adys Adss Adsy Adys
%) ) (B (%)
Cr/Cu® | +7.3 +3.1 +25 +24
Mn/Cu | +44 +1.6 +1.7 +1.1
Fe/Cu | +2.0 +1.0 +1.6 +1.0
V/Ag | —29 +28 421 421
Cr/Ag | -3.0 +1.0 +0.1 -0.3
Mn/Ag | =5.0 +0.9 -0.1 -0.1
Fe/Ag | —88 +0.4 +0.1 +0.2

Table 6.11: Calculated relaxations of 3d-monolayer on Cu(111) and A(111).
The Ad;; are the relative change of the interlayer distance with respect to the
theoretical GGA values of fcc Cu and Ag.

%The relaxation of the ML Cr/Cu(111) was calculated in the RW-AFM con-
figuration, since no stable ferromagnetic solution was found for this system.

in terms of the relative change of the interlayer distance compared to a truncated fcc
Cu and Ag crystal, respectively. The layers are numbered 1 (surface) to 5 (center
of the film). Thus, for example the relative change of the interlayer distance for the
MLs on Cu(111) between the surface and the subsurface layer is defined as Adys =
(d12 — dcu)/dcu, where dys is the relaxed interlayer distance and dg, is the interlayer
distance of the Cu ideal bulk crystal. Comparing the results with the Cu(111) and
the Ag(111) substrate shows a clear difference. While on Cu all 3d-monolayers relax
outwards compared to the bulk interlayer distance (Ad;s > 0), the opposite is true
for the ML on Ag. This is a consequence of the larger lattice constant of Ag. There
is an obvious trend for the different 3d-metals on the same substrate. The distance
between the ML and the first substrate layer decreases monotonously from V (Cr) to
Fe. The reduction of the interlayer distance with increasing nuclear number of the ML
is also visible below the surface. In particular for the distance between the first two
substrate layers (Adss) this tendency becomes very obvious. Generally, the size of the
relaxations decreases from the surface to the bulk, though there are some oscillations,
e.g. in the Fe/Cu system. In the Ag substrate this decline is much faster than in Cu,
probably due to the larger lattice constant of Ag. Only in the case of Cr/Cu and
V/Ag the relaxations reach far into the substrate. At the first glance the monotonic
decrease of the interlayer distance between the monolayer and the substrate when
we move across the period from V to Fe is a surprise. It is well known that the
lattice constant of the bulk 3d metal is smallest at the center of the transition metal
series, i.e. around Cr and Mn, as most of the bonding states are filled and most of
the anti-bonding states are empty. But magnetism has a very strong influence on the
relaxations of these monolayers and changes the picture. From the comparison to
a calculation of a non-magnetic Mn ML on Cu(111) [BKBO00], which hardly relaxes
compared to the atomic position of the truncated Cu crystal, we know that the
outwards relaxation of Mn is driven by magnetism. Calculations for Mn/Cu(100)
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show the same effect, but much more strongly, since the number of nearest neighbors
is smaller [Blii96]. The influence of magnetism can also directly be perceived from
our calculated relaxations on Ag(111). While the interlayer distance between the ML
and the substrate reduces by 2% from Cr to Mn and by 3.8% from Mn to Fe, V and
Cr have almost the same distance between the first and the second layer. This is a
consequence of the fact, that the V atoms have much smaller magnetic moment than
in particular Cr and Mn.

Tab. 6.12 contains the magnetic moments of the monolayer atoms in the relaxed
positions. The largest magnetic moments are found for Mn as expected from Hund’s

ML AV Cr Mn Fe
Cu(111) | — 2.58% 3.05 2.69
Ag(111) | 1.98 3.75 3.94 3.09

Table 6.12: Local magnetic moments of the ferromagnetic monolayers on
Cu(111) and Ag(111).
®Moment of the RW-AFM configuration

rule. The moments calculated including the substrate show the same trend and are
in fairly good agreement with those of the unsupported monolayers (cf. Tab. 6.2
and 6.4). V and Cr react more strongly to the substrate than Mn and Fe (cf. the
discussion in Sec. 6.1.2). However, comparing the results of the UMLs with those of
the MLs on the substrate it has to be taken into account that the calculations on the
substrate were performed applying the GGA, which is known to increase the magnetic
moments compared to the LDA. In addition we used the slightly larger GGA lattice
constant for the substrate, which also causes a larger magnetic moment. Thus, if the
calculations with and without the substrate were performed using the same exchange
correlation potential and the same substrate lattice constants, the difference between
the magnetic moments would be somewhat larger.

6.5.2 Results for the monolayers on the Cu(111) and Ag(111)
substrate

With the structural parameters determined in the previous section we repeated the
investigation of the different collinear and non-collinear magnetic states including the
substrate. Because of the enormous computational expenditure of the non-collinear
calculations we used asymmetric five-layer films with four layers of substrate and one
monolayer of the 3d-metal. In addition, we repeated the calculations only for the
relevant magnetic states, i.e. FM, Néel, RW-AFM, 3Q, the spin-spiral state in the
case of Mn and the FI (ferrimagnetic) state in the case of V. Most of these magnetic
configurations, FM, Néel, RW-AFM and the spin-spirals, are described by a single
g-vector. Therefore, these states can be explored by a spin-spiral calculation. This
method has the advantage that only one atom in the surface unit cell is needed,
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which reduced the computational effort. Only the 3Q state and the FI state have to
be calculated in real space using surface unit cells containing four and three atoms,
respectively. Due to the complexity of the magnetic states no symmetry operations
could be applied to reduce the size of the irreducible wedge of the two-dimensional
Brillouin zone. In fact, some of the states, e.g. the Néel state, do have a larger sym-
metry according to the spin space group (SSG) (cf. Chap. 4 Eqn. (4.5)). However,
the current version of our FLAPW program can only deal with space group oper-
ations of the type {I|ag|t}, i.e. operations that leave the spin invariant. For the
spin-spiral calculations we used the same k-point sets as as for the UML calculations
(cf. 6.3.1), which ranged between 256 and 1024 k-points depending on the system.
For the calculations of the 3Q and the FI state we used 256 in the full Brillouin
zone. The calculations are based on the local density approximation (LDA) apply-
ing the parameterization according to Moruzzi, Janak and Williams [MJW78|. The
planewave cutoff for the wave functions was set t0 kmax = 3.7 a.u.”! for the MLs
on Cu(111) and kpyax = 3.3 a.u.”! for the MLs on Ag(111). For the expansion of
the charge density we chose a cutoff of Gyax = 13.2 a.u.”! for the MLs on Cu(111)
and Gpax = 11.1 a.u.”* for the MLs on Ag(111). The muffin-tin radii were 2.18 a.u.
for both, the Cu substrate atoms and the 3d-metals of the ML, and in the case of
the MLs on Ag, the muffin-tin radii for the Ag substrate atoms were 2.60 a.u. and
2.40 a.u. for the 3d-metals. The angular momentum expansion of the charge density
inside the muffin-tins spheres was truncated at l,,, = 8.

Tab. 6.13 lists the energies of all relevant magnetic states of the 3d-monolayers.
For all MLs we found the same ground state as for the corresponding UMLs (cf. Tab.

ML FM FI SS Néel 3Q | ground state
Cr/Cu — - — =53 =15 Néel
Mn/Cu | 261 - 21 T 17 3Q
Fe/Cu | —105 - = 35 19 FM
V/Ag 98 —-26 — —44 16 Néel
Cr/Ag 311 - - =22 8 Néel
Mn/Ag 94 — 15 20 10 | RW-AFM
Fe/Ag | —127 - - 10 -3 FM

Table 6.13: Energies of the different magnetic configurations relative to the
energy of row-wise antiferromagnetic (1Q) configuration in meV/atom. The
Cr/Cu system does not have a stable ferromagnetic solution.

6.7), except for the ML of V on Ag, where the Néel becomes clearly lower than the
FI state when the substrate is included. Furthermore, the energetic ordering of the
magnetic states of the MLs is the same as that of the UMLs with only two exceptions:
the energy difference between the 3Q state and the RW-AFM state of Cr/Cu and
Fe/Ag changes sign, when the substrate is taken into account. It should be noted
that these two systems showed the smallest energy difference between 3Q and RW-



142 6. Magnetism of 3d-monolayers on Cu and Ag (111)

AFM of all UMLs and this difference becomes even smaller for the MLs. E3q — Fiq
is plotted as a function of the 3d-element in Fig. 6.17. Comparing this plot to the
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Figure 6.17: The total energy difference between the 3Q state and the RW-
AFM (1Q) state as a function of the 3d-element. The plot contains results for
MLs with the Cu (circles) and Ag (squares) lattice constant. Negative values
mean that the 3Q state has a lower energy.

result of the UMLs Fig. 6.13 shows, that, apart from Cr/Cu and Fe/Ag, the most
prominent change is found for V/Ag. The rather large value of F3q — E1q is reduced
significantly due to the inclusion of the substrate. The largest change compared to the
UML results (cf. Tab. 6.7) is found for V/Ag. This result is not surprising, because
this system also shows the most drastic change of the magnetic moment when the
substrate is included. In the case of the UML the FM state and the 3Q) state have
practically the same energy, while the energy of the ferromagnetic ML is clearly the
largest of all magnetic states. In most other cases the substrate does not only reduce
the magnetic moment, but also reduces the energy differences between the magnetic
configurations. However, the qualitative result remains unchanged. The magnetic
moment of all system in the different magnetic configurations are listed in Tab. 6.14.

The UMLs of Mn show a local minimum in the total energy for spin-spirals with
g-vectors on the symmetry line I-K for both substrates. Since, the energy of these
minima are close to the energy of the RW-AFM state, we have performed calculations
with g-vectors close to the minima including the substrate. The results are presented
in Fig. 6.18. The ML results are marked by solid symbols and include the high
symmetry points in addition to the g-vectors around the minima. The comparison
with the results of the UMLs shows again how the substrate reduces the magnetic
moments and also the energy difference between the FM state and the RW-AFM
state. In both cases the energy of the minima remains above the energy of that at
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ML FM RW-AFM Néel 3Q

Mn/Cu | 2.78 up  3.00 up  3.00 up 2.74 up
Fe/Cu |2.63 up 243 up 243 up 2.43 ug
V/Ag | 174 ug 221 ug 219 ugp 2.10 up
Cr/Ag |3.73 up 3.69 up 3.65 up 3.64 up
Mn/Ag | 3.88 up 391 ug 3.99 up 3.88 up
Fe/Ag | 3.02 up 3.03up  3.05 up 3.02 up

Table 6.14: Magnetic moment of different magnetic states inside the muffin-
tin spheres for the MLs on Cu and Ag(111).

the M-point. The position of the minima is slightly different for the MLs. In the case
of Mn/Cu with substrate the spin-spiral minimum shifts towards the '-point, from
q ~ 0.7K to q =~ 0.6K, while it shifts in the opposite direction, from q =~ 0.6K to
q ~ 0.7K, for Mn/Ag.

Although, we found no qualitative difference between the results of the UMLs and
the MLs on an actual substrate, we performed test calculations with seven layer films,
to make sure that the results are not affected by the film thickness. To save computer
time we used k-point sets with 256 k-points instead of 529 k-points in the full Brillouin
zone. This k-point set is not large enough to calculate highly accurate energies, but
it suffices to investigate the effect of the film thickness. The interlayer distance of the
two additional substrate layer has been set to the value of the corresponding bulk
metals. We restricted the calculation to three magnetic states, the FM, the Néel
and the RW-AFM state. We chose two systems, Mn/Cu and Mn/Ag, for this test.
Tab. 6.15 contains the calculated energies and magnetic moments of the different
configurations. The results of the seven layer calculations confirms those obtained

ML Erv Eneel | BPM [Néel  MRW-AFM
Mn/Cu 51 | 259 69 2.78 2.98 2.98
Mn/Cu 71| 246 72 2.85 2.98 2.97
Mn/Ag 51 | 103 22 3.80 3.98 3.91
Mn/Ag 71 95 21 3.92 3.98 3.91

Table 6.15: Comparison between results obtained with five and with seven
layer thick films. Shown are the energy differences with respect to the RW-
AFM state in meV/atom and the local magnetic moments in pp.

with five layers. The energy differences change quantitatively, but the changes are
small. The changes of the magnetic moments are negligible. From this result we
would not expect any qualitative change if thicker films were used.

We also carried out tests to investigate whether the choice of the exchange corre-
lation potential has an effect on our results. Spi§dk and Hafner [SHO0] performed cal-
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Figure 6.18: The total energy (solid circles) and the magnetic moments
(solid triangles) of the relevant spin-spiral states of Mn MLs on Cu(111) (top
panel) and Ag(111) (bottom panel). The results for the UMLs are included
for comparison (open symbols).

culations on the Mn/Cu(111) system using a real-space tight-binding LMTO method
and came to a different conclusion than we do. They found that the Néel state has
a lower energy than the RW-AFM state. The 3Q state was not included in their
study. They claimed that the difference between their results and our results is due
to the choice of the local density approximation (LDA) in our investigation, rather
than in the generalized gradient approximation (GGA) in their study. However, the
results of our GGA calculation (Tab. 6.16) clearly shows that this is not the case.
All parameters were chosen exactly as during the LDA calculation of the five layer
Mn/Cu film. The only difference is the application of the GGA exchange correlation
potential according to Perdew et al. [PW92]. It can be seen that the use of the GGA
does not change the energetic order of the three magnetic configurations considered.
In fact, the energy difference between the RW-AFM and the Néel state becomes even
larger when the GGA is applied. The GGA increases both, the magnetic moments
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ML Erv Enea | prM Kneel  PRW-AFM |
Mn/Cu LDA | 261 7t 2.78 3.00 3.00
Mn/Cu GGA | 296 89 |2.88 3.10 3.10

Table 6.16: Comparison between results obtained with the local density
approximation (LDA) and the generalized gradient approximation (GGA).
Shown are the energy differences with respect to the RW-AFM state in
meV /atom and the local magnetic moments in up.

and the energy differences, though the changes are not drastic. The conclusion, that
the Néel state is not the ground state of the Mn/Cu system remains valid. Very re-
cently Hobbs and Hafner submitted results that confirm our findings [HH00]. These
results were obtained with a projector augmented planewave method different from
the method of Spisdk and Hafner [SHOO].

In summary we can say that the calculations of the MLs on an actual substrate
confirm the results obtained for the unsupported monolayers. The energy differ-
ence between the magnetic configurations do change quantitatively, but the physical
picture developed during the investigation of the UMLs remains unaltered.

6.5.3 Tests of the convergence with respect to numerical cut-
offs

In addition to the test calculations described in the previous section we tested the
convergence with respect to the numerical cutoffs, i.e. the k-point sampling and the
planewave cutoff for the basis functions.

During the force calculation the aim was to determine the positions of the atoms
of the relaxed surface. Therefore, we applied the following test: At the end of the
calculation of the relaxations, when all forces were smaller than 1 mRyd/a.u., we
performed self-consistent calculations with larger cutoffs verifying the forces once
more. We increased the planewave cutoff kpay from 4.0 a.u.”! to 4.4 a.u.™}, i.e. from
85 to 115 basis functions per atom, for the MLs on Cu(111) and from 3.5 a.u.”! to
3.9 a.u.”!, i.e. from 85 to 120 basis functions per atom, for the MLs on Ag(111).
In separate calculations we increased the number of k-points from 40 to 70 for both
substrates. We found that in all cases the forces stayed smaller than 1 mRyd/a.u.

Another parameter that can be critical is the choice of the vacuum boundary.
If the vacuum boundary is too close to the outmost atom the total energy becomes
inaccurate. This problem typically occurs when the distance between the vacuum
boundary and the outmost muffin-tin sphere becomes smaller than 0.5 a.u. A char-
acteristic symptom of this problem is that the atomic configuration that corresponds
to the minimum of the total energy and the configuration for which the forces vanish
do not coincide. During our force calculations this happened twice, for Cr/Cu and
V/Ag. In both case increasing the distance between the outmost muffin-tin sphere
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and the vacuum boundary removed the problem.

With our non-collinear calculations we investigated the energetics of various mag-
netic configuration. Therefore, we tested the convergence of selected energy dif-
ferences between magnetic states with respect to the number of k-points and the
planewave cutoff. The tests were carried out in the same way as described in Sec. 6.3.3
for the unsupported monolayers. We chose the energy difference Fpy — Frw-arm and
in some cases Enea — Erw-arum for the test calculations. As in Sec. 6.3.3 we tested
with spin-spiral calculations, since they have the smallest unit cell. During the tests
we began with a small k-point set and then increased the number of k-points. Since
we found no significant change of the convergence behavior of the MLs on the sub-
strate compared to the UMLs we did not go beyond the maximum k-point set used
for the UMLs. In order to test the planewave cutoff convergence we increased kyax
from 3.7 to 4.1 a.u.™ (80 to 110 basis functions per atom) for Mn/Cu(111) and from
3.3 to 3.7 a.u.”! (85 to 120 basis functions per atom) for Mn/Ag(111). Due to the
large cost of the non-collinear calculation we performed the planewave cutoff test only
for the Mn monolayers. The change of the energy difference was 0.4 meV for Mn/Cu
and 0.8 meV for Mn/Ag.

6.6 Calculated STM images of non-collinear mag-
netic states

All of the ground state spin-structures that have been presented in the last sections
are spin-structures on the atomic-scale. This is a length scale below the resolution
of current experimental techniques for the investigation of surface magnetism. How-
ever, the real-space observation with high spatial resolution is of great importance
to determine the magnetic structure of complex magnetic systems and to verify our
theoretical predictions. In general a method that combines magnetic sensitivity and
atomic resolution would provide an experimental tool to gain an understanding of the
magnetic interaction in these nano-magnets. Unfortunately, such a technique com-
bining surface sensitivity and magnetic resolution on the atomic scale is at present
unavailable. In this section we propose the spin-polarized scanning tunneling micro-
scope used in the imaging mode to be the experimental tool of choice.

The scanning tunneling microscope (STM) is one of the key tools in the nano-
sciences and in nano-technology. It has revolutionized our approach to surface science,
as atomic resolution of semiconductor and metal surfaces is now routinely available.
Recently, the use of a spin-polarized STM (SP-STM), which is realized for example
using magnetic coated tips, has opened the field of nano-magnetism. The topological
antiferromagnetism of Cr(001) [WGG90, KBRWO00], ferromagnetic domains of thin
films [BGW98| domains at the surfaces of ferromagnetic materials [WK99], and dipo-
lar antiferromagnetism of Fe nano-wires on W(110) [PKBWO00| have been investigated
with SP-STM. On the atomic scale these magnetic structures are ferromagnetic and
may couple antiferromagnetically on a mesoscopic or microscopic scale of 10 nm to
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1000 nm. The magnetic order, i.e. the domains, in these structures has been visu-
alized with the SP-STM using the spectroscopy mode in most cases, i.e. measuring
the spin-dependent differential conductivity. By comparing a map of the differential
conductivity with the simultaneously measured topography of the sample domain
boundaries and other features can be correlated to the morphology. The magnetic
resolution of this method has been reported down to 1 nm. Only one of the SP-STM
studies mentioned above [WGG190] applied the STM in the topography mode.

In the following we introduce an approach to image complicated magnetic struc-
tures of surfaces directly on the atomic scale by SP-STM [HKW™00]. By generalizing
the Tersoff-Hamann model to the case of SP-STM and applying the expansion of the
STM image into two-dimensional planewaves [HBP 98] we show that in general the
SP-STM image of any magnetic superstructure within an arrangement of chemically
equivalent atoms leads to an SP-STM image displaying a pattern corresponding to
the magnetic configuration. This is in contradiction to the intuitive expectation
that spin-polarization is a small effect, and consequently the non-spin-polarized STM
image reflecting the chemical structure is only slightly modulated in the SP-STM
experiment. This approach extends the use of STM from the exploration of the topo-
logical, chemical and ferromagnetic structure of surfaces to the inherently much more
difficult investigation of antiferromagnetic surfaces and surfaces with non-collinear
spin structures with ultimate, atomic resolution.

The approach has been already verified experimentally. Very recently the SP-
STM has been used successfully to prove the existence of collinear two-dimensional
antiferromagnetism in monolayer Mn films on W(110) [HBK*00]. Here, we explain
how the SP-STM can be applied to resolve arbitrary laterally periodic spin-structures,
e.g. complex non-collinear spin structures. Taking the Néel state of Cr/Ag(111) and
the 3Q state of Mn/Cu as an example, we discuss the expectations for the STM
picture and thus show how the magnetic ground state of a magnetic surface can be
verified experimentally.

6.6.1 Principle of the SP-STM on the atomic scale

In the derivation of the tunneling current by Tersoff and Hamann [TH83] the spin
of the electron has been taken into account only by the double occupation of single-
particle states. However, in order to describe the tunneling in the set-up of the spin-
polarized STM (SP-STM) we need to take the spin-polarized electronic structure of
both tip and sample explicitly into consideration. The SP-STM can be realized by
coating a common STM tip with a magnetic material, for example Fe or Gd have been
successfully used [PKBW00, BGW99], and using this spin-sensitive probe to scan the
surface of the magnetic sample. In the following we assume the coated tip to be
ferromagnetic with a spin-polarized band structure of spin-up (1) and spin-down (])
states with respect to a quantization axis given by the magnetization axis My of the
tip. This means that we assume a collinear tip magnetization, which is certainly an
excellent approximation for tips with ferromagnetic coating. The orientation of the
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magnetization axis My of the tip with respect to the geometric axis of the tip depends
on the tip material and the actual geometric structure of the tip [PKBW00, BGW99].

To understand the working principle of the SP-STM we go one step back to the
Transfer Hamiltonian Method of Bardeen [Bar61|, which is the basis of the Tersoff-
Hamann model. The Transfer Hamiltonian Method is based on several assumptions.
First of all, the electron tunneling is treated as a one-particle process, i.e. it is ne-
glected that electrons can interact while tunneling. In particular loss of spin infor-
mation by scattering processes connected with a spin-flip in the tunneling barrier is
not considered. For the vacuum tunneling of STM this can be excluded to a high
degree since the only scattering processes are given by many-particle processes which
seem to play a minor role in most cases. Further, we assume elastic tunneling, i.e. no
energy loss of the electrons by interaction with quasi-particles of the electrodes, e.g.
plasmons or phonons, is considered. And finally, a direct interaction of tip and sam-
ple resulting in the formation of coupled electronic states is not taken into account.
In this approximation the tunneling current between a magnetic tip at position Ry
and a magnetic sample can be calculated using Fermi’s Golden Rule:

2Te

IRer,V) = =X [/(B] - Fp) — (B, - Ep)| x
u,vo
6(Eyy — B — eV) [Myo(Rr) P, (6.43)

where V is the applied bias voltage, f is the Fermi distribution function, F5 and EL
are the Fermi energies of the sample (S) and the tip (T), and Ej and EJ, are the
energies of a sample state p and tip state v with spin o, respectively. The d-function
guarantees the energy conservation. Eqn. (6.43) contains only one spin summation
over the spins of the tip. As a consequence of the assumption of a collinear tip
magnetization the tip states can be written as pure spin-up and pure spin-down
state. However, we do not make this assumption for the sample states, to allow
the treatment of samples with a non-collinear magnetic state. Thus, the sample
states are written as general Pauli-spinors that can contain contributions in both
spin components:
s ST(I')
P, (r) = ( ‘s ) . (6.44)
ui(r)
In the following we drop the r dependence of the wave functions. The key problem
is to calculate the matrix elements given by:

Myou(Rer) = (¥, [Ur| ;) (6.45)

where Ur is the tip potential. The integration is over the volume of the tip, which
is separated by an hypothetical boundary surface from the volume of the sample.
Eqn. (6.43) contains only one spin summation over the spins of the tip. As a conse-
quence of the assumption of a collinear tip magnetization the tip states can be written
as pure spin-up and pure spin-down state. However, we do not make this assumption
for the sample states, to allow the treatment of samples with a non-collinear magnetic
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state. Thus, the sample states are written as general Pauli-spinors that can contain
contributions in both spin components.

In order to simplify the calculation of the tunneling current further we apply the
Tersoff-Hamann model. Tersoff and Hamann introduced several approximations to
allow the calculation of the matrix elements M,, ,(Rr). All of the approximations
concern the electronic structure of the tip. First, they assume that the tip can be
replaced by a single atom with spherical wave functions. Since both, the sample and
the tip wave functions, decay exponentially into the vacuum, the main contributions
to the matrix element come from a region between sample and tip where both wave
functions still have finite values!. Therefore, the wave function of the tip can be
replaced by the solution of the vacuum Schrodinger equation, which is given by the
Bessel function kg:

exp (—Kqp

¢1’1/10-(r) = Ca’ kO(K;O'p) Xo = CO' % Xos (646)
where p = |r — Ry| and &, is the decay constant of the tip states that depends on
the energy of the tip state and the tip potential. Now the matrix elements can be

calculated: ,
2nCyh .
Myou(Rr) = (Y1, |Ur|ep}) = —ﬁ(Xa) ¥, (Rr). (6.47)
We assume that the spin-up and spin-down s-wave states can be characterized by
the same decay constant k = k4 = K, and the same coefficient C = C; = C,.
At this point, we can already see that the projection of the spin-polarized sample
wave function onto the magnetization direction of the tip, (x,)* i , enters into the
equation. In the next step we assume that the density of states (DOS) of the spin-up
n{ () and spin-down n] (€) tip states is constant in energy. However, For a magnetic
tip the DOS of spin-up and spin-down states are non-equal. Inserting the matrix

elements into the equation for the tunneling current, Eqn. (6.43), leads to:

IRy, V) = % [ degvale) Y 86, ) x
[ | Myt (Rer) 2 + 0T [ My, (R[] (6.48)

where the summation over the tip and sample states has been replaced by an energy
integration, and gyr(€) = f(e— E3) — f(e+ eV — EL). Inserting the matrix elements
in the Tersoff-Hamann approximation into Eqn. (6.48) and after some algebra we
arrive at the final result of the current in the case of SP-STM:

_ 4AmdC?hle

IRy, V) = x [nrNs(Re, V) + mrMs(Ry, V)], (6.49)

K2m?

1The integration over the volume of the tip can be replaced by an integration over the boundary
surface between the sample and the tip using Green’s theorem. This shows that only the value of
the tip wave function on the boundary surfaces is important for the matrix element. A detailed
discussion of the derivation can be found in the original paper or e.g. in [Hei00]
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where nr is the density of states (DOS) of the tip, given by the sum of n{ and
nl, np = nf +nf. mg is the spin-polarized density of states (SDOS), which is
given by the difference of n and n{, [mg| = n{ — n{, and has the direction of the
magnetization of the tip. In addition, we have introduced the integrated local density
of states (ILDOS) of the sample Ns(Rz, V) and the integrated local spin density of
states (ISLDOS) of the sample Mg(Rr, V) given by an energy integral of the SLDOS,
mg(Rr,€):

Ms(Ry,V) = / degvr(e) Y 8(e, — )9S (Ry) o3 (Rer)
= /dﬁgv,T(f) mg(Rr,e€). (6.50)

The ILDOS of the sample Ng(Ryr, V) is also defined by Eqn. (6.50) if we replace o
by the unity matrix.

Eqn. (6.49) states that the tunneling current can be separated into a non-spin-
polarized part depending on the local density of states of the sample at the position
of the tip and a contribution due to the spin-polarization of tip and sample given by
the projection of the vector of the local spin-density of states to the magnetization
direction of the tip. In the case of a non-spin-polarized STM experiment, i.e. using a
non-magnetic tip, the second part vanishes and the current reduces to the result of the
Tersoff-Hamann model. The important question to be answered now is, whether or
in which cases the spin-polarized contribution can become dominant which is desired
in order to observe large magnetic contrasts in the measurements.

The ILDOS of a periodic surface can be written in terms of a two-dimensional
Fourier expansion:

Ng(ry,2,V) = GZ Ng,(z,V)exp (iGyr)) - (6.51)
I

G denotes the reciprocal lattice vectors in two dimensions, and NGﬁ (2,V) are the

tip-sample distance (z) and bias-voltage (V) dependent expansion coefficients. A
similar expansion is possible for the three components of the SLDOS. As we have
described in Sec. 3.5 the plane waves of symmetry related reciprocal lattice vectors

|| can be summarized to a two-dimensional star function #2P(r,). Inserting into the
tunneling current, Eqn. (6.49), we obtain:

I(r),2,V)xnr Y N(z,V)¢:P(r)) + mg Yy Ms(z,V)$P(x)), (6.52)

with a representative vector Gﬁ for each star function ¢?”. Due to the tunneling of
electrons through the vacuum barrier these coefficients decrease exponentially with
increasing length Gﬁ [HBP*98], and to a good approximation the topographic STM
image or, to be more precise, the constant current STM image, is determined by
the lowest star function ¢2P, which is laterally non-constant, corresponding to the
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smallest non-vanishing Gj-vector:

Al(r,, 2, V) ~ L(V)$?P(x,) x exp [—2z\/2m/h2\EF +eV]+(G[/2)2|.  (6.53)

Since in this context we are only interested in the dependence of the exponential
decrease on the representative reciprocal lattice vector G’ﬁ the k-point dependent
exponential term has been replaced by the dominating high symmetry point of the
two-dimensional Brillouin zone, i.e. k; = —Gﬁl)/Q.

Any magnetic superstructure lowers the translational symmetry, and the addi-
tional tunneling current, Al o my - mg, due to spin-polarized electrons, is sensitive
to the unit cell of the superstructure. Therefore, star coefficients of stars formed by
smaller reciprocal lattice vectors become relevant for the STM image. Since these
new star functions possess exponentially larger coefficients they dominate the STM-
image, even in the case of small effective spin-polarization mrMg, for example if the
angle between the sample magnetization and the tip magnetization is close to 90°.
Thus the corrugation amplitude Az (the maximum difference in tip height while it
scans the surface) is directly proportional to the effective spin-polarization.

These arguments are quite general and in principle applicable to any magnetic
superstructure. The electronic structure, contained in I,~;(V) of Eqn. (6.53), of a
specific surface can still compete with this effect, and first-principles calculations need
to be performed in order to interpret the experiments unambiguously.

6.6.2 Calculated SP-STM images of Cr/Ag(111) and
Mn/Cu(111)

To demonstrate the potential of the SP-STM to unravel the non-collinear magnetic
structures predicted in the preceding sections we apply our theory to two monolayers
with two different non-collinear magnetic ground states: the planar N’eel state and
the three-dimensional 3Q-state. The Néel state is predicted as the ground state of
a Cr monolayer on the Ag(111) surface and for the Mn/Cu(111) system we found
the lowest energy for the 3Q state (cf. Tab. 6.13 Sec. 6.5.2). For these two systems
we have calculated the SP-STM image for the magnetic ground state and the most
important competing magnetic state. Comparing the result of an actual experiment
with the theoretical STM images will allow to determine the magnetic state of such
systems experimentally. For the STM calculations we used monolayers on an actual
substrate as in Sec. 6.5, after all atom positions have been relaxed. All computational
parameters have been chosen as discussed in Sec. 6.5.

We begin with the STM images of the RW-AFM state and the Néel state of
Cr/Ag(111). Fig. 6.19 shows the calculated STM images for the RW-AFM structure.
The left panel shows an image as it would be produced by conventional STM without
magnetic contrast. The light areas correspond to a large (I)LDOS, i.e. protrusions of
the topographic map obtained from an experiment in the constant current mode. All
atoms are imaged equivalently as protrusions. The superimposed schematics of the
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a) non-magnetic tip

¢

b) tip magnetization4
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Figure 6.19: Calculated STM images for the RW-AFM structure. Both the
image for conventional STM (non-magnetic tip, panel a) and for SP-STM
(magnetic tip, panel b) are shown. The atomic positions and the magnetic
moments are superimposed on the STM image.

unit-cell shows the positions of the atoms as well as the orientation of the magnetic
moments at each atom site. The right panel of fig. 6.19 displays the STM image
calculated for an magnetic tip with a magnetization direction parallel to the mag-
netization direction of the sample. The equivalence of the atoms with opposite spin
direction is lifted and the two different types of atoms can clearly be distinguished.
The atoms that have a magnetic moment parallel to the moment of the tip are im-
aged as protrusions while the atoms with opposite magnetic moment are shown as
depressions. This setup obviously provides maximal magnetic contrast as the angle
between the direction of the magnetization of the tip and the magnetization of the
sample is zero. A different angle would simply lead to a reduction of the magnetic
contrast without changing the stripe pattern. If the magnetization of the tip was
exactly perpendicular to the magnetization of the monolayer, the magnetic contrast
would disappear, and the magnetic tunneling current would be determined only by
the non-spin-polarized contribution. Thus, one would obtain the same STM image as
with a non-magnetic tip (fig. 6.19 left panel). However, a small parallel component
of the tip magnetization is enough to find the stripe pattern, as we have discussed in
the previous section.

The second magnetic state we consider is the Néel state, which is a non-collinear
configuration. The magnetic moments of all atoms lie within one plane. Hence, a tip
with a magnetic moment in this plane would result in the strongest magnetic contrast
and the magnetic contrast vanishes when the tip magnetization is perpendicular to
the plane. Different orientations of the tip magnetization in the plane of the magnetic
moments of the monolayer result in qualitatively different images, all of which show a
magnetic contrast. Therefore, we have calculated the STM image using two different
in-plane tip magnetizations. Analogously to Fig. 6.19 panel a of Fig. 6.20 shows the
STM image as expected for a non-spin-polarized tip showing all atoms equivalently as
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a) non- magnetlc tip
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Figure 6.20: Calculated STM images for the Néel structure. The image for
conventional STM (non-magnetic tip, panel a) and for two different directions
of the tip magnetization, parallel (panel b) and perpendicular (panel c) to one
of three different magnetic moment directions, are displayed. The superim-
posed arrows represent the projection of the magnetization at the atom sites
on the direction of tip magnetization.

protrusions. Panels b and c of Fig. 6.20 correspond to STM images with magnetic tips
for two different in-plane angles of magnetization. The arrows in the superimposed
structure represent the projection of the magnetization at the atom sites on the
direction of the magnetization of the tip. Panel b shows the image that is obtained
if the tip magnetization is parallel to the magnetic moment of one of the three atoms
in the magnetic unit cell. Consequently, this atom appears as the highest protrusions
(large bright spots) in the SP-STM image. The projection of the magnetic moment
of the other two atoms onto the direction of the tip magnetization is equal, i.e.
mrMg(Rr, V) (cf. Eqn. (6.49)) has the same value for both atoms. Hence, they
appear with the same “height” in the STM image. The bright spots of the atoms with
the parallel magnetic moment mark the corner points of the (v/3 xv/3) superstructure,
which can therefore be clearly identified from the STM image. This (\/5 X \/§)
superstructure can also be found in the right STM image displayed in Fig. 6.19.
However, in this geometry the projection of the magnetic moments of the atoms on
the direction of the magnetization of the tip reveals three different types of atoms
and hence the STM image differs from the one discussed above.

As a final example we present SP-STM images of the 3Q) state of a Mn monolayer
on Cu(111). Fig. 6.21 a shows the STM image for a non-magnetic tip, where all
atoms appear equivalently as protrusions (red and yellow). The 3Q state is a three-
dimensional spin structure. Therefore, a magnetic contrast is obtained independent
of the direction of the tip magnetization. The 3(Q state is shown in Fig. 6.21 b. Since,
we performed the calculation in the scalar-relativistic approximation, i.e. spin-orbit
coupling has been neglected, the relationship between the lattice and the magnetic
moments is undetermined. However, this is not crucial, because only the relative angle
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Figure 6.21: Calculated STM images for the 3Q structure (panel b) of
Mn/Cu(111). Panel a displays the expected STM image with a non-magnetic
tip, where all atoms appear equivalent as protrusions (red and yellow). All
STM images show the same part of the surface, which is indicated by the
dashed line in panel b. The solid line shows the magnetic unit cell. Panels ¢ -
f show SP-STM images for tips with different directions of the magnetization.
As a result of the varying relative angle different patterns are observed.

between the magnetic moments and the direction of the tip magnetization, which is
also unknown, is important for the STM image. In fact, the magnetic configuration
shown here is rotated with respect to that presented in Fig. 6.7 on page 112. Here two
of the four moments in the magnetic unit cell are in the x-z-plane and the other two
moments are in the y-z-plane. All moments span the same angle with the x-y-plane,
but the projection of the moments in the x-z-plane onto the z-axis has the opposite
sign (—) than that of the moments in the y-z-plane. Consequently, an STM tip with
a magnetization in z-direction (Fig. 6.21 ¢) would image the atoms with the moments
in the x-z-plane as protrusions (red and yellow) and the atoms with the moments in
the y-z-plane as depressions (violet and blue), resulting in a stripe pattern. When
the tip magnetization is in y-direction (Fig. 6.21 d) the two atoms with moments in
the x-z-plane appear with the same “height” in the STM image. One of the atoms
in the y-z-plane has positive projection on the y-axis and is therefore imaged as
protrusions, appearing as bright red spots in the image, that mark the corner points
of the magnetic unit cell. The other atom in the y-z-plane comes out as a depression.
With a more general direction of the tip magnetization (Fig. 6.21 e and f) all atoms
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in the unit cell appear at a different “height” in the SP-STM image, resulting in
further different patterns. For the RW-AFM state and the Néel state of Mn/Cu(111)
we expect a qualitatively equivalent result as for Cr/Ag(111) (Fig. 6.19 and 6.20).
Comparing these SP-STM images shows that it is generally possible to distinguish
between the different magnetic state. This is, however, not true for all directions of
the tip magnetization. For example the STM images of Fig. 6.21 ¢ and f can easily
be mistaken with the image of the RW-AFM state in Fig. 6.19 b.

In conclusion, we can say that the SP-STM is a powerful tool for the investigation
of magnetic surfaces. Depending on the direction of the tip magnetization we expect
SP-STM images with different patterns that reflect the magnetic super-structure. In
general, the magnetic unit cell can be identified from these patterns, which will allow
to distinguish between the different magnetic states. Hence, with the SP-STM it
becomes possible to determine the ground state of surfaces with complex magnetic
structures on the atomic scale, which allows to verify the predictions of our total
energy calculations experimentally.



156 6. Magnetism of 3d-monolayers on Cu and Ag (111)




Chapter 7

Magnetism and electronic
structure of hcp Gd and the
Gd(0001) surface

The rare earth metals are of great practical interest because of their role in hard
magnetic intermetallics [FHLB93] and high density storage media [Whi85|. They are
distinguished by their unique magnetic, electric and optical properties. The open shell
of highly localized 4 f electrons is responsible for their large magnetic moments. How-
ever, the overlap of the 4f shells on neighboring lattice sites is negligible. Therefore,
the 6s, 6p and 5d states play an essential role in the magnetism, because they me-
diate the magnetic interaction by a Ruderman-Kittel-Kasuya-Yosida (RKKY)-type
exchange, although their contribution to the magnetic moment is small. This com-
plicated coupling mechanism leads to exotic magnetically ordered structures like like
helical spin structures [JM91, NM00]. The rare earth metals are strongly correlated
materials. Due to their localized f electrons that lie in the same energy range as the
itinerant s, p and d electrons they represent a challenge for first-principle theory.

In particular Gd, one of the four ferromagnetic elementary metals (Fe, Co, Ni
and Gd) known to occur in nature, has been studied intensively by experiment and
theory. It has become a model system for the application of new relativistic theoretical
methods [KH77, SK85, KS89], because of the unique combination of ferromagnetism
and relativistic effects. Experimentally many of the magnetic properties of Gd metal
are well understood. The halffilled 4 f shell (S = 7/2, L = 0) leads to the formation of
a well-localized spin-only magnetic moment. These moments couple via a RKKY-type
exchange to form a ferromagnetic Heisenberg system with a bulk Curie temperature
of TE = 293 K. The f electron moment polarizes the valence electrons resulting in a
magnetic moment of 7.63 ug. However, the appropriate treatment of the localized 4 f
electrons in first-principle calculations is still a matter of debate. Several approaches
have been suggested in addition to the treatment of the 4f bands as valence state,
including the treatment as core states, the application of Hartree Fock exchange
[BK94c, BK94b, BK94a| and the LDA+U method [SLP99, SPF00].

157
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The 4f-core model has already been introduced by a very early study [DF64].
Within the 4 f-core model the 4 f electrons are treated as core states, i.e. hybridization
of the 4f states with other (valence) states and also with any states from other lat-
tice sites is neglected. Much later Sticht and Kiibler [SK85] performed self-consistent
calculations in the local density approximation (LDA) comparing the 4 f-core model
and the 4f-band model, where the 4f electrons are treated as valence states. They
obtained an much larger value for the magnetic moment (8.43 pp) from their 4 f-core
model calculation and concluded that this model was not an acceptable approxima-
tion. However, the large magnetic moment has not been reproduced by latter 4 f-core
model calculations, e.g. [AWJE93]. From their 4 f-band model calculation Sticht and
Kiibler found a magnetic moment of 7.52 up in better agreement with experiment.
By a comparison of the density of states (DOS) at the Fermi energy to specific heat
experiments they found that the calculated DOS was too large. They noted that the
subtraction of the 4f contribution to the DOS results in a much better agreement.
They also remarked that the binding energy of the majority 4f states was to small
(4.5 €V) compared to photoemission data. Singh [Sin91] carried out a detailed study
using the 4f-band model, also finding that the DOS at the Fermi energy was too
large. In accord with Sticht and Kiibler he assigns a significant part of the DOS to
minority 4f states. However, he concludes that the band model is more appropri-
ate for Gd, because he found Fermi surface sections in agreement with de Haas van
Alphen experiments [SSHK76, MY77| that depend on the hybridization of the 4f
bands with other valence bands. This conclusion was contradicted by Ahuja et al.
[AAJB94], who stated that they believe that one does not need to explicitly include
the f-d hybridization in the calculation in order to describe the small orbits (of the
Fermi surface).

The first total-energy FLAPW calculation of the magnetic ordering at the
Gd(0001) surface [WLFF91] using the 4 f-core model reported an antiferromagnetic
coupling of the surface layer with respect to the bulk, in agreement with an early
interpretation of experimental data [WAG"85]. This result stimulated a number of
theoretical studies by several authors, investigating the magnetic coupling of Gd,
both at the (0001) surface and in the bulk. Subsequently Bylander and Kleinman
published a series of studies [BK94c, BK94b, BK94al, concentrating on the adequacy
of LDA for the Gd 4f states. By comparing Hartree-Fock with LDA atomic calcu-
lations [BK94c| they concluded that the minority 4f resonance in the metal right
above Ep, which is responsible for the enhanced N(Ep), is an artifact of the LDA. In
a second paper the authors suggested a new approach, treating the majority 4 f states
as localized and fully occupied and the minority states in the band Hamiltonian. The
effective potential in the latter calculations was constructed from Hartree-Fock theory
for the core density and from LDA for the valence charge density. A single parameter
was used to fit the calculated bulk magnetic moment to the experimental value. This
constraint on the calculation has the effect of pushing the minority 4 f states to higher
energies. In fact, the authors found the minority 4 f states at a much higher energy
(8.4 eV above Er) than an inverse photoemission (IPE) experiment [LBC77] (4.3 V).
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With this method they found a much smaller value of N(Er) and also an equilibrium
lattice constant in good agreement with experiment. Motivated by a paper of Heine-
mann and Temmerman [HT94], who found ferromagnetic coupling for hcp Gd with
LDA and antiferromagnetic coupling with the generalized gradient approximation
(GGA), using the linear muffin-tin orbital (LMTO) method in the atomic sphere ap-
proximation (ASA), Bylander and Kleinman also performed total energy calculations
for the AFM bulk phase. However, they found the correct FM ground state. They
extended their study to the Gd(0001) surface [BK94a|, using the same method as in
the previous publication. In contrast to a former study [WLFF91|, which predicted
an outward relaxation by 6.3% for the ferromagnetic surface, they found a contrac-
tion by 3.4% in agreement with a low-energy electron-diffraction (LEED) experiment
[QLJF92]. Comparing FM and AFM coupling of the first layer to the bulk they
discovered a lower total energy for the FM configuration, which also contradicted the
results of [WLFF91]. Eriksson et al. [EAO'95] investigated the magnetic coupling for
hep bulk Gd and the Gd(0001) surface. They applied the full-potential linear muffin-
tin orbital (FP-LMTO) method. Applying the 4f-band model they found an AFM
ground state for bulk Gd irrespective of whether they used LDA or GGA. However,
the application of the 4 f-core model led to the prediction of the correct FM ground
state. Thus, Eriksson et al. adopted this approach for their surface calculation, also
finding FM coupling of the first layer and an inwards relaxation of 4.4% in reasonable
agreement with the results of Bylander et al. Another approach has been used by
Shick et al. [SLP99, SPF00]. They apply the so-called LDA+U energy functional
[AAL96] for the description of the localized 4f electrons. Within this method the
strong intra-atomic interactions of the localized states is introduced and treated in a
Hartree-Fock-like manner. One effect of this method is that the occupied and unoc-
cupied 4f state split apart. The minority 4f states are shifted away from the Fermi
energy to higher energies, removing the artifact from the LDA. At the same time the
majority 4f states are shifted to lower energies. In contrast to the 4 f-core model,
using the LDA+U description the majority 4f states still hybridize slightly with the
states of the neighboring atoms. They found the correct FM ground state for hcp
Gd and also FM coupling of the first layer of Gd(0001). In addition they reported
that surface relaxation led of to a 90% enhancement of the FM surface to bulk effec-
tive exchange coupling, resulting in a 30% increase of the surface Curie temperature,

in agreement with several photoemission and photoelectron diffraction experiments
[TWW*93, VCR93, WSLM 96, TPY"98].

A very interesting contribution has been made by Sandratskii and Kiibler
[SK93, SK98]. There has been an ongoing discussion about which of the two physical
pictures, the Stoner mean-field picture or the picture of local magnetic fluctuations
(often referred to as spin-mixing), is more appropriate for the description of the mag-
netism of the valence electrons (s, p, d) of Gd at finite temperature. Within the Stoner
picture the size of the local moments decreases with temperature and with it the ex-
change splitting of the electronic states with up and down-spin character, while all mo-
ments stay parallel. The spin-mixing picture allows for both, fluctuations of the size
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and the direction of the local moments. In this description it is not a priori clear what
happens to the spin-splitting at finite temperature. Still, the question which picture
is more suitable is commonly discussed in terms of the experimentally observed spin-
splitting. Recent photoemission experiments [LPB*95, WSLM*96, DGP96] found
that the spin-splitting of certain valence bands vanish when the temperature ap-
proaches the bulk Curie temperature. These results are interpreted as support for
the Stoner picture. On the other hand, optical experiments [KT75, BEG84, KS91]
observe a spin-splitting that stays constant with changing temperature. Thus, the
topic is controversial. Sandratskii and Kiibler argued that the different experiments
are governed by different parts of the electronic states, i.e. they probe the bandstruc-
ture of the sample in different regions of the Brillouin zone. They modeled the effect
of temperature by performing calculations in various non-collinear magnetic config-
urations, including spin-spirals as a model for magnons but also “random” magnetic
states that resemble the paramagnetic state of Gd metal above the Curie tempera-
ture. They used calculations with different relative angles between neighboring atoms
to model different temperatures. The results showed that, as expected, the large 4 f
local magnetic moment is very stable in size and does not change significantly with
the magnetic configuration. They also found that the valence local moment stays
finite for all magnetic states. It reduces by no more than about a factor of 2 even
for the largest relative angles between the atoms. The magnetic configuration has a
strong influence of the electronic structure, i.e. the bandstructure and the density of
states (DOS), of Gd. In the FM state all atoms have a definite spin projection onto
the global spin quantization axis and both, the bandstructure and the DOS, show
an exchange splitting of 0.8 — 0.9 eV. When the angles between the local moments
increase states of different spin character hybridize, and thus cannot be assign to one
spin character anymore. The spin-splitting of the DOS decreases. At large angles
between neighboring atoms a spin-splitting of the DOS cannot be observed. In fact,
the DOS becomes very similar to that of (hypothetical) non-magnetic Gd. By a
detailed analysis of the bandstructure Sandratskii and Kiibler can account for both,
the results of the photoemission experiments as well as the optical experiments.

The experimental results at the Gd(0001) surface are even more controversial
than in the bulk. An early study [WAG™85] suggested a possible AFM coupling of
the surface layer to the underlying bulk. This finding was subsequently supported
by the calculations of Wu et al. [WLFF91]. However, more recent photoemission
experiments [MGE92, TWW*93, LPB*95] did not confirm AFM coupling. Instead,
the in-plane component of the surface magnetization was observed to be parallel to
the bulk, although one study [TWW93] found an additional perpendicular compo-
nent of the surface magnetization. Another controversial topic is the possibility that
the Curie temperature of the surface TS is larger that the bulk Curie temperature.
Such an enhancement of has only been observed for three ferromagnets, including Tb
and FeNis, and leads to unusual critical behavior. In general the Curie temperature
is lower at the surface due to the reduced coordination. At the Gd(0001) surface
the enhancement of the Curie temperature was first found by Rau et al. [Rau83|.
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This effect has been studied by several authors using different techniques, including
photoemission [TWW193, VCR93, LPB"95, WSLM*96, TPY 98], inverse photoe-
mission [DGP96] and magneto-optic Kerr effect measurements [WAG*85]. Most of
the studies, but not all [DGP96], found an enhanced surface Curie temperature.
However, the values of the enhancement vary between 10 — 85 K.

Similarly to the bulk, the temperature dependence of the spin-splitting of d,»
surface states of Gd is very controversial. This surface state has been observed by
various techniques, including photoemission (PE) [MGE92, LPB*95, WSLM™96],
inverse photoemission (IPE) [WSLM*96, DGP96] and also scanning tunneling spec-
troscopy (STS) [BGH98, GBH198, GBHW99]. All experiments agree in that the
surface state is spin-split. At low temperatures the majority part of the surface state
is occupied and is located about 200 — 250 meV below the Fermi energy (Ep). The
unoccupied minority part of the surface state is found at about 400 — 500 meV above
Er. Some of these experiments have been performed at temperatures as low as 29 K.
While the position of the majority state is in reasonable agreement with the calcu-
lation of Wu et al. [WLFF91], the theoretically predicted position of the minority
state is much higher (1 eV) than found experimentally. The experimental results
agree not only upon the position of the surface state at low temperature, but also
in the fact that both parts of the surface state approach Er and the spin-splitting
decreases. It should be noted here that the PE and IPE experiments can only observe
the occupied (majority) and unoccupied (minority) part of the surface state, respec-
tively. Therefore, two experiments, often carried out with different samples of even
by different groups, are necessary to determine the spin-splitting. The question that
remains controversial is whether a finite splitting of the surface state remains at large
temperatures. While, for example, Weschke et al. [WSLM*96] found a collapse of the
spin-splitting at about 350 K by a combined PE and IPE study, the STS experiments
[BGH™98, GBH"98, GBHW99] still observed two distinct peaks, which were split by
400 meV, at the same temperature.

In the following section we present a study similar to that of Sandratskii and
Kiibler, however for the Gd(0001) surface. We simulate the effect of temperature
on the electronic structure and in particular the d,» surface state by non-collinear
calculations. But before we turn to the surface we investigate hcp bulk Gd.

7.1 hcp bulk Gd

As we have discussed in the previous section, the treatment of the 4f states in first
principles calculations has been a matter of extensive debates in the literature. There-
fore, before we started to investigate the Gd(0001) surface we performed bulk cal-
culations in order to find out which method was most appropriate for our study.
We investigate the effect of the application of the different methods on the ground
state properties such as the lattice constant, the magnetic moment and in particular
the ground state magnetic configuration. We also studied how the different ways of
treating the 4f states affected the s, p and d valence states. The study includes the
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application of LDA as well as GGA potentials and a comparison between the 4 f-band
and the 4 f-core method

7.1.1 Computational details

We performed self-consistent calculations in the local density approximation (LDA)
applying the parameterization according to Moruzzi, Janak and Williams [MJW78]
and also in the generalized gradient approximation (GGA) of Perdew and Wang
[PWO1]. We chose the experimental Gd lattice constant, agg = 6.858 a.u. and the
experimental ¢/a ratio of 1.597 [BLS54]. During the calculation of the lattice constant
the c/a ratio was kept at the experimental value. The planewave cutoff for the
basis functions was set to K,,,; = 3.0 a.u.”!. This corresponds to about 100 basis
functions per atom. The charge density and the potential were expanded up to a
cutoff Gez = 9.0 a.u.”!. We set the muffin-tin radii to Ry = 2.80 a.u. The wave
functions as well as the density and the potential were expanded up to [,,,, = 8 inside
the muffin-tin spheres. The 5s and 5p semi-core states were treated in a separate
energy window. We have used k-point sets that correspond to 320 and 1152 k-points
in the full Brillouin zone in the semi-core and the valence window, respectively.

7.1.2 Results

First we present results of a LDA calculation in the 4f-band model, where the 4f
electrons are treated as valence electrons on the same footing as the 6s and 5d states.
The bandstructure calculated at the experimental lattice constant is shown in Fig. 7.1.
The most prominent feature are the majority 4f bands about 4.5 eV below the Fermi
energy (left panel) and the minority 4f bands directly above the Fermi energy (right
panel). The result is in good agreement with previous first principle calculations
that used the 4f-band model, e.g. [KS89, Sin91]. However, these studies used fully
relativistic methods, while we applied the scalar relativistic approximation, which
neglects the spin-orbit coupling. The spin-orbit coupling leads to a splitting of the
4f bands. Therefore, the bandwidth of the 4f band, in particular the majority
part, we found is smaller than in previous studies. Experimentally the majority and
minority 4f bands are found at about 8 eV below and 4.5 eV above the Fermi energy,
respectively. Thus, the wrong energetic positions of the 4f bands are an artifact
of the local density approximation. The LDA overestimates the itinerancy of the
4f electrons. The minority 4f state, located just above Ef, leads to an additional
density of states at Er. Close to the Fermi energy the 4 f states hybridize with the d
states in that energy region. In fact, we found about 0.12 electrons with f character
inside the muffin-tin spheres (cf. Tab. 7.1). Hence, parts of the minority 4f, or the f-d
hybridized, bands are occupied, which is unphysical, and has direct consequences on
the magnetic order, as we will discuss below. Another band that has been observed
by photoemission is the spin-split A, band, which is the second lowest minority band
at the I'-point and its majority counterpart. The calculation shows that it has mainly
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Figure 7.1: LDA bandstructure of hcp bulk Gd, calculated within the 4f-
band model. The majority spin states are shown in the left panel and the
minority states in the right panel.

d, but also considerable s character. At the I'-point we found the majority state Agy
at the at 2.4 eV and the minority state A, at 1.4 eV below the Fermi energy, in
agreement with earlier calculations [KS89, Sin91]. Experimentally the Ay and Ay
bands are found 2.4 eV and 1.7 eV below Ep, respectively [MGE92].

The difference between the results obtained in LDA and GGA are marginal, when
the calculations are performed at the experimental lattice constant. The majority 4 f
bands are found about 0.2 eV lower than in the LDA calculation. The changes of
the other bands are much smaller than this. Therefore, we will not present the GGA
bandstructure.

Next we present the result of an LDA calculation with the 4 f-core method. Within
this method, the majority 4 f electrons are treated as core electrons, i.e. they are not
allowed to hybridize with any other states on neighboring atoms. Thus, the bonding
of the 4f electrons is neglected. At the same time we have to prevent the majority
and minority 4f bands from appearing in the valence window. This is done by
moving the all 4f energy parameter to a value far above the Fermi energy. In all
4 f-core calculations presented here the valence f energy parameter has been set to
about 9.5 eV above Er. Thus, we have practically removed the f functions from
the basis set. The calculated bandstructure is shown in Fig. 7.2. The 4f states
are not in the valence bandstructure any more. If the core electrons were included
into the bandstructure plot, the majority 4f electrons would appear at almost the
same energy as in Fig. 7.1 as a dispersion less straight line. Another difference to
the result of the 4f-band calculation is that the Fermi energy is shifted upwards by
about 0.2 ¢V. In the 4f-band method Er was pushed down by the large density of
states of the minority 4f states. Due to the change of E the Ay band is now found
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Figure 7.2: LDA bandstructure of hcp bulk Gd, calculated within the 4 f-core
model. The majority spin states are shown in the left panel and the minority
states in the right panel.

at 2.6 eV below Ey at the I'-point and the A, is found at 1.6 eV below Er. Apart
from this shift the bandstructure of the valence bands is largely unchanged. Only the
minority d bands that are in the region of the 4 f states right above the Fermi energy
in the 4f-band calculation differ from those of the 4f-core calculation by typically
less than 0.2 eV. This is probably a consequence of the unphysical hybridization with
the 4f states. As in the 4 f-band calculation the GGA results are very similar to the
LDA results and therefore the GGA bandstructure is not shown here.

Tab. 7.1 gives an overview over the calculated magnetic moments and the 4f
charge obtained with the different methods. The total magnetic moment per atom

| method | M (pp) | val. (up) | d (ug) | tot. (ug) [ F1(e) | fl(e)]
LDA 4 f-band 7.21 7.21 0.34 7.63 6.94 0.127
4 f-core 741 0.41 0.36 7.80 - -
GGA 4 f-band 7.22 7.22 0.34 7.65 6.65 0.116
4 f-core 7.41 0.41 0.35 7.81 - -

Table 7.1: Magnetic moment and 4f charge calculated at the experimental
lattice constant with different methods. The first three columns contain the
magnetic moment in the muffin-tin sphere and the valence and d electron
contribution to it. The fourth column contains the total magnetic moment
per atom, including the interstitial contribution. All moments are in units of
pp. The last two columns contain the majority and minority 4f charge in

units of electrons.
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is given in the fourth column. All other quantities are integrated only over the
muffin-tin region. In the FLAPW method the muffin-tins do not cover the whole
volume of the unit cell, i.e. the contribution from the interstitial region adds to
these quantities. The size of this difference can be appreciated from a comparison
of the first column, which contains the magnetic moment in the muffin-tin spheres,
and column four, which contains the total moment per atom. The total moment
per atom is in excellent agreement with other recent LDA 4f-band model results,
e.g. [SLP99, JTA'00], and also the experimental value of 7.63 ug. However, the
4 f-core method yields a slightly larger value, which has already been observed by
other authors, e.g. [EAO'95]. The moment of the 4f-core calculation is in nearly
perfect agreement with the LDA+U calculation of Shick et al. [SLP99]. Irrespective
of the method used, the d moment in the muffin-tins is always =~ 0.35 pup. The total
moment in the sphere using the 4f-band model is 7.21 pug. This is smaller than
one would expect from the 7 up of the 4f electrons and the polarization of the s
and p electrons. In the 4 f-core model the valence moment in the sphere amounts to
0.41 pup (here the 4 f-electrons are excluded from the valence), i.e. the total valence
moment is larger than the d moment due to the contribution of the s and p electrons.
The difference between the 4f-band and the 4f-core results is mainly due to the
minority 4f occupation in the 4f-band model, which reduces the total 4f moment.
The majority 4 f states are always fully occupied. However, the majority 4f charge
in the muffin-tins (fifth column of Tab. 7.1) is slightly smaller than 7 e~, because
the majority 4f states are not completely localized inside the muffin-tin sphere in
both, LDA and GGA. In general it can be said that the differences between LDA
and GGA are marginal irrespective of whether the 4f-band or the 4f-core model is
used. The only difference that might be important is that the unphysical minority
4f occupation in the 4 f-band model is slightly reduced, when the GGA is applied.

In the next step we investigated the magnetic ground state of hcp Gd. We per-
formed total energy calculations to determine the equilibrium lattice constant in the
ferromagnetic and antiferromagnetic configurations. The antiferromagnetic configu-
ration consists of antiferromagnetic layers in the (0001) direction, i.e. the magnetic
moments of the two atoms of the hcp unit cell are aligned anti-parallel. The total en-
ergy as a function of the lattice constant obtained using the LDA 4 f-band method, the
GGA 4f-band method and the LDA 4f-core method are presented in Fig. 7.3. The
4 f-band method calculations predict an AFM ground state irrespective of whether
the LDA or the GGA is applied. This result is in agreement with previous full-
potential calculations [EAOT95, SLP99]. However, it was reported [HT94, JTA*00]
that using the GGA 4f-band model in combination with the LMTO method in the
atomic sphere approximation (ASA) yields the correct ferromagnetic ground state.
The picture changes when the 4 f-core model is used (right panel). The LDA 4 f-core
method predicts the FM ground state. This is also true for the GGA 4 f-core method,
which is not shown in Fig. 7.3.

All calculations that use the 4 f-band model agree in that they found the minority
4f states very close to the Fermi energy. This leads to density of states at the Fermi
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Figure 7.3: Energy as function of the lattice constant for hcp bulk Gd in
the ferromagnetic (diamonds) and antiferromagnetic (circles) states. The solid
lines are parabolic fits that have been used to determine the equilibrium lattice
constant. The left and the center panel show the results of LDA and GGA
calculations, respectively. In both cases the 4f-band model has been applied.
The right panel contains the result of an LDA calculation within the 4f-core
model.

energy, which is too large compared to experiment and to an unphysical partial
occupation of the 4f states. From the discussion of the 3d metals [THOA82] we
know that the d-d hybridization at half band filling causes a strong antiferromagnetic
susceptibility. These arguments are quite general and can also be applied to the 4f
states. Due to the 4 f-minority states close to the Fermi energy we expect a direct 4 f-
4f hybridization with a strong antiferromagnetic susceptibility. This suggests that
the incorrect description of the these states in the LDA (GGA) is the reason for the
prediction of the wrong magnetic ground state. In fact, methods that have the effect
of pushing the 4 f states away from the Fermi energy, like the Hartree-Fock treatment
of the exchange between the core and the valence electrons [BK94b] of the LDA+U
method [SLP99], or methods that do not allow for 4f electron in the valence region
like the 4 f-core model [EAO"95] found the correct ground state. To substantiate the
argument on the role of the minority 4f states presented above states we performed
a further calculation using a “hybrid” approach, where we treat the majority 4f
electrons as valence electrons, but remove the minority 4 f electrons form the valence
region by shifting the minority f energy parameter far above the Fermi energy as
in the 4 f-core calculation. In fact, this calculation predicts the FM ground state.
The total energy difference between the FM and AFM state is very close to that
calculated with the 4f-core model (cf. Tab. 7.2)

Tab. 7.2 summarizes the calculated lattice constants, the magnetic moments at
the equilibrium lattice constant and the energy difference between the ferromagnetic
and the antiferromagnetic configuration. As we have already pointed out, the 4f-
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| method | aorm | Mem | aoarm | Marm | Erv — Earu |
4f-band | -3.9% | 7.15 up | —4.6% | 7.10 ug | +0.07 eV
LDA | 4f-core | -1.4% | 7.41 pp | -1.7% | 7.32 up —0.11 eV
hybrid | —2.7% | 7.38 g | —2.8% | 7.29 ug | —0.12 eV
4f-band | 0.0% | 7.22 g | 0.9% | 7.13 up | 10.03 eV
df-core | +1.6% | 7AL pp | +1.5% | 734 pp | 0.1l eV

| a0.ezp = 3.629 A [BLS54] |

GGA

Table 7.2: Equilibrium lattice constants (relative to the experimental value),
magnetic moments and the energy difference between the ferromagnetic and
the antiferromagnetic state for hcp bulk Gd, calculated using different methods
to treat the 4f states.

band model predicts the incorrect magnetic ground state. In contrast, the 4 f-core
model and also the hybrid approach, which treats the majority 4f electrons as band
electrons but removes the minority 4f electrons from the vicinity of the Fermi energy,
yield the FM ground state. Apparently, the half occupied 4f band that crosses the
Fermi energy is the reason for the antiferromagnetic coupling, in analogy with half
occupied 3d bands that have a strongly antiferromagnetic susceptibility. Thus, it is
the unphysical partial occupation of the minority 4f bands that causes the incorrect
description of the magnetic ground state of Gd in the LDA/GGA 4f-band model.
The LDA/GGA 4f-core model and the hybrid approach predict almost the same
energy difference between the FM and AFM state. These energy differences are also
in reasonable agreement with other methods that remove the minority 4 f states from
the region close to the Fermi energy (Hartee Fock valence-core exchange: —0.12 eV
[BK94b|; LDA 4f-core: —0.08 eV; GGA 4f-core: —0.10 eV [EAOT95]; LDA+U: —
0.06 eV [SLP99]). In addition to the incorrect description of the magnetic coupling,
the LDA 4f-band method yields a lattice constant that is 3.9% too small, which is
more than the usual LDA error. This is a result of the fact that LDA overestimates
the itinerancy of the 4f states and thus the 4f bonding. With the hybrid approach
this error becomes smaller. The 4 f-core model yields a value with is only 1.4% smaller
than experiment. However, in the latter method all 4f bonding is neglected. The
lattice constant calculated using the GGA 4 f-core method is 1.5% to large. A similar
deficiency of the GGA was found for the 4d and 5d transition metals [ASHT99].

7.2 Results for the Gd(0001) surface

We began our study of the Gd(0001) with the determination of the atomic structure.
We focus first exclusively on ferromagnetic Gd(0001). Using self-consistent total
energy calculations we determined the relaxation of the surface layer, applying three
different methods, the LDA/GGA 4f-band method and the LDA 4 f-core method.
The surface calculations were performed using a symmetric 10 layer Gd film. All
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cutoff parameters were chosen as during the bulk calculations. The integrations over
the two-dimensional Brillouin zone were carried out using k-point sets that correspond
to 81 and 361 k-points in the full two-dimensional Brillouin zone for the semi-core and
the valence window, respectively. We started form the ideal bulk atomic positions
of the respective bulk calculation, i.e. the LDA/GGA 4f-band result and the LDA
4 f-core result. We then varied the interlayer spacing between the surface and the
subsurface layer to find the equilibrium position of the surface layer. Fig. 7.4 shows
the total energy per surface atom as function of the interlayer distance. With the
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Figure 7.4: Energy as function of the interlayer distance between the surface
and subsurface layer of the ferromagnetic Gd(0001) surface. The solid lines
are parabolic fits that have been used to determine the equilibrium interlayer
distance. The zeros of the energy scales were chosen at the equilibrium con-
figuration. The left and the center panel show the results of LDA and GGA
calculations respectively. In both cases the 4f-band model has been applied.
The right panel contains the result of an LDA calculation within the 4f-core
model.

GGA 4f-band method we obtain an inwards relaxation of 3.5% of the bulk interlayer
distance and with the LDA 4f-band/4f-core method we obtain a 3.0% and 2.9%
relaxation, respectively. These results are in good agreement with the experimental
LEED result of 3.5 + 1.0% [QLJF92]. Recent first principle calculation found a
relaxation of 4.4% [EAO™95] and 3.4% [BK9%4a).

Tab. 7.3 summarizes the relaxation and also contains the magnetic moments of
all atoms in the 10 layer film. The magnetic moments have been calculated with the
surface atom in the relaxed position. However, the moment do not depend critically
on the relaxation. In fact, we found exactly the same moment of the surface atom
with the ideal bulk truncated position, e.g. for the LDA 4 f-core calculation. A major
difference between the 4 f-band calculations and the 4 f-core calculation is found for
the magnetic moment of the surface atom. While the 4f-band model does not show
an indication of an enhanced surface moment, the 4f-core model predicts a surface
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| method | Ady | Ms [ Msy | Msy | Ms_3 | Mgy |
4f—band —3.0% 7.21 KB 7.19 B 7.20 UB 7.18 B 7.20 MUB
4f-core | —2.9% | 7.55 up | 7.41 up | 7.40 up | 7.42 up | 7.41 up
| GGA [ 4f-band [ —3.5% [ 7.20 up [ 721 pup [ 722 pp [ 722 pp | 7.24 pp |

LDA

Table 7.3: Relaxation of the surface layer of the Gd(0001) surface and the
magnetic moments of the different layers (S = surface, S — 1 = subsurface,
...). Ad2 is the relative change of the distance between the surface and the
subsurface layer with respect to the respective bulk value.

moment enhancement of about 0.15 g, in good agreement with previous calculations
[EAO*95, SPF00]. We attribute this enhancement of the surface moment to the
increase of the d moment due to the d band narrowing as result of the reduced number
of nearest neighbors at the surface. The enhancement of the d moment is cancels by
an increased occupation of the minority 4 f bands in the 4 f-band calculation.

In addition to the ferromagnetic surface we also performed calculations for the
surface layer coupling antiferromagnetic to the underlying bulk using the LDA 4f-
core model. These calculations were carried out with the surface atom in the ideal
bulk position as well as in the equilibrium positions of the ferromagnetic surfaces. In

method Exrv — Erm | Earm — Erum
unrelaxed relaxed
4 f-band 25 20
LDA | 4f-core 100 108
hybrid 99 106

Table 7.4: Energy difference (in meV per surface atom) between ferromag-
netic (FM) and antiferromagnetic (AFM) coupling of the surface layer of the
Gd(0001) surface. The energies were calculated with the surface atom in the
ideal truncated bulk position (unrelaxed) and in the relaxed position using the
4f-band, the 4f-core and the hybrid method, respectively.

both cases we found that the ferromagnetic surface has a clearly lower energy. In the
relaxed position we obtained an energy difference of 108 meV per surface atom (cf.
Tab. 7.4) in good agreement with the result of Eriksson et al. (95 meV). However,
Shick et al. found a larger energy difference in the relaxed position (135 eV). In the
ideal bulk position Shick et al. found a much smaller value of 72 meV. Upon this large
energy increase between ferromagnetic and antiferromagnetic coupling in the relaxed
position of the surface layer they argued that the increased magnetic coupling strength
between the surface and the subsurface layer is the origin of the enhanced surface
Curie temperature that has been observed by many experiments. This result of an
enhancement of the ferromagnetic coupling for the relaxed surface is also supported
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Figure 7.5: LDA bandstructure of the Gd(0001) surface, calculated within
the 4f-band model. The majority spin states are shown in the left panel and
the minority states in the right panel.

by the work of Jenkins et al. [JTAT00], who found a clear dependence of the magnetic
coupling on the c¢/a ratio for hcp bulk Gd using the 4f-band model. According to
their results a smaller interlayer distance favors a ferromagnetic coupling. We found
only a small reduction of the energy difference at the ideal bulk position (100 meV).
Likewise the results of Eriksson et al., who applied the 4 f-core model, do not show a
reduction of the energy difference between the FM and AFM surface. This could be
an indication that the hybridization of the majority 4f states, which is neglected in
the 4 f-core model, is the origin of the dependence of the magnetic coupling strength
on the interlayer distance. However, subsequent calculations within the 4 f-band
model and the hybrid approach (cf. Tab. 7.4) do not support this hypothesis. In
both cases we did not find an enhanced ferromagnetic coupling, though both method
treat the majority 4 f electrons as valence states and thus allow for hybridization of
these states. Even within the LDA 4 f-band method we obtained a lower energy for
the ferromagnetic surface. However, the energy difference between the ferromagnetic
and the antiferromagnetic configuration is much smaller than calculated with the
4 f-core or the hybrid method. Thus, the surface results confirm the result of the
bulk calculations, i.e. that the minority 4 f-states right above the Fermi energy act
in favor of antiferromagnetic coupling.

After the determination of the ground state structure we investigated the elec-
tronic structure of the Gd(0001) surface. As in the case of hcp bulk Gd we present the
bandstructure determined within the LDA 4f-band method (Fig. 7.5) and the LDA
4 f-core method (Fig. 7.6) both calculated in the respective equilibrium structure.
The most important feature of the bandstructure is the surface state that is found in
a gap of the projected bulk bandstructure around the '-point. The occupied majority
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Figure 7.6: LDA bandstructure of the Gd(0001) surface, calculated within
the 4f-core model. The majority spin states are shown in the left panel and
the minority states in the right panel.

part of the surface state (left panel of Fig. 7.5) is found 0.15 eV below the Fermi en-
ergy. This surface state has been investigated experimentally by various techniques,
including photoemission and scanning tunneling spectroscopy, and is found a 0.20 —
0.25 eV below the Fermi energy. The unoccupied minority part of the surface state
can be seen in the right panel of Fig. 7.5. It lies directly above the minority 4f bands.
At the T-point we found it at 1.04 eV above the Fermi energy. Experimentally it is
found at 0.40 — 0.50 eV above the Fermi energy. Both, the minority and the majority
part of the surface state, are strongly localized at the surface. Our calculations show
that over 70% of their charge density is found in the surface layer and the vacuum
region. An analysis of the surface state in the muffin-tins shows that is has mainly
d-character. Our bandstructure is in excellent agreement with the results of Wu et
al. [WLFF91], who also found the minority part of the surface state more than 1 eV
above the Fermi energy. However, they used a six layer Gd film. As a consequence, a
splitting of the surface state due to the finite size of the film is clearly visible in their
calculation. With a ten layer film such a splitting is not visible around the I'-point.

Fig. 7.6 shows the bandstructure obtained within the 4 f-core model. The 4f
states that are clearly visible in Fig. 7.5 have been removed from the valence band
region. Similar to the bulk case the main difference between the two methods to
treat the 4f electrons is a shift of the Fermi energy. At the surface this shift amounts
to about 0.1 eV. Thus, at the I'-point the majority and minority part of the surface
state are now found at 0.24 eV below and 0.95 eV above the Fermi energy, respec-
tively. The spin-splitting of the surface state remains unchanged. Hence, the binding
energy of majority part of the surface state is in even better agreement with experi-
ment. However, the minority part is still found about 0.40 eV higher than observed
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experimentally. As said above the surface state is mostly localized in the surface and
vacuum region, which causes the interaction with the Gd substrate to be small. This
argument is further substantiated by the very small dependence of the binding energy
of the minority and majority part of the surface state upon the interlayer relaxation.
In the ideal bulk truncated structure the two parts of the surface state are at 0.22 eV
below and 0.98 eV above the Fermi energy, respectively. However, the dependence on
the in-plane lattice constant could be different. Therefore, we have repeated the LDA
4 f-core model calculation on the experimental lattice constant using the calculated
relaxation (2.9%) of the surface layer. The experimental in-plane lattice constant
is 1.4% larger than in the LDA 4f-core calculation. Using the experimental lattice
constant the majority and minority part of the surface state at the I'-point are found
at 0.21 eV below and 0.98 eV above the Fermi energy, respectively. Hence, also the
variation of the binding energy with changing in-plane lattice constant is also small.
Still, all results that follow in this chapter have been obtained using the experimental
lattice constant.

The density of states (DOS) obtained from the LDA 4f-core calculation is pre-
sented in Fig. 7.7 for all atoms in the film. It can clearly be seen that the main
contribution to the DOS comes from d electrons. The DOS of the s and p electrons
is very small. Moving from the surface (S) to the subsurface layer (S—1) the DOS
changes rapidly becoming more and more bulk-like. The DOS of the inner six (S—2,
S—3, S—4) layers of the film are very similar to the bulk density of states. The ma-
jority part bulk DOS shows a pronounced depression (pseudo bandgap) at the Fermi
energy. Due to the spin-splitting the minority counterpart of this gap is found about
1.2 eV above the Fermi energy. The two spin components of the surface state fall
exactly into this energy region (cf. Fig. 7.6). The density of states due to the surface
state fills these gaps. Consequently, these gaps are not visible in the DOS of the
surface layer. However, already in the subsurface layer the gaps are clearly visible,
which shows again the strong surface localization of the surface state.

Within the Tersoff-Hamann model the tunneling current of a scanning tunneling
microscope (STM) is proportional to the local density of states at the position of the
tip (cf. Sec. 6.6.1). Thus, to allow a comparison with scanning tunneling spectroscopy
(STS) experiments, we investigate the local density of states (LDOS) in the vacuum
region of the Gd(0001) film. This quantity is shown in Fig. 7.8 for several distances
from the surface layer. The two spin components of the surface state are clearly
visible as two pronounced peaks in the majority and minority LDOS respectively.
These peaks are directly observed in a STS experiment, e.g. [GBH"98|, which probes
the total LDOS. However, as we have pointed out before, the minority peak is found
much closer to the Fermi energy experimentally than in our calculation. Fig. 7.8 also
contains density plots of both, the occupied majority surface state and its unoccupied
minority counterpart. From this plot the surface state can be identified as a d,> state.
Also the strong surface localization is clearly visible. A large fraction of the charge
density of the surface state is found above the surface layer.
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Figure 7.7: Density of states due to s (dotted), p (dash-dotted) and d (solid
line) electrons inside the muffin-tins spheres of the different layers (S = surface,
S —1 = subsurface, ...) of a 10 layer Gd(0001) film, calculated using the LDA
4 f-core method. The density of bulk hcp Gd has been added for comparison.

7.2.1 Spin-spirals at the Gd(0001) surface

The temperature dependence of the electronic structure of the Gd(0001) surface has
been a matter of extensive debate, as we have pointed out in the introduction of
this chapter. In particular, the change of the binding energy of both, the majority
and minority part of the d,» surface state, with temperature has been discussed
controversially in the literature. While some experimental studies, e.g. [WSLM™96],
found a collapse of the spin-splitting of the surface state at a temperature of 350 K,
which is taken as support for the applicability of the Stoner picture for the Gd surface,
other authors [BGH198, GBH"98, GBHW99] observed a finite splitting of 400 meV
at the same temperature.

To reveal trends in the temperature variation of the conduction-electron states
of the Gd(0001) surface we studied non-collinear magnetic configurations. We per-
formed spin-spiral calculations with g-vectors parallel to the surface along the high
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Figure 7.8: Local density of states at different distances (2.9 — 9.5 A) from
the surface layer in the vacuum region of a 10 layer Gd(0001) film, calculated
using the LDA 4f-core method. A plot of the density of the majority and
minority part of the surface state is shown at the right and left, respectively.

symmetry lines of the two-dimensional Brillouin zone. Such spin-spiral configura-
tions can be interpreted as a model for magnetic excitations, thus they are frequently
referred to as “frozen magnons”. g¢-vectors with different magnitude correspond to
different angles between the magnetic moments of neighboring atoms. At the ferro-
magnetic Gd surface, spin-spirals with large g-vectors have larger total energies, as we
will show below. Hence, they correspond to higher temperatures. Due to the strong
surface localization of the Gd surface state, we expect spin-spirals with g-vectors par-
allel to the surface to have a much greater effect on the surface state than spin-spirals
with g-vectors perpendicular to the surface. Therefore, we used only surface-parallel
g-vectors throughout our study.

We performed the spin-spiral calculations within the 4 f-core model. Using a 10
layer Gd(0001) film with the experimental in-plane lattice constant and the calculated
inwards relaxation of the surface layer of 2.9% as determined in the previous section,
all parameters have been chosen as discussed there. Only the k-point set was changed:
due to the reduced symmetry of the spin-spiral configuration we had to distribute
the k-points in the full two-dimensional Brillouin zone. The k-point sets contained
16 k-points in the semi-core window and 64 k-points in the valence window. Tests
with a k-point set with 64 and 256 k-points in the semi-core and valence window,
respectively, showed that the convergence of the total energy difference between the
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Figure 7.9: Upper panel: valence magnetic moment of the surface layer
(triangles) and at the center (S—4, circles) of a 10 layer Gd(0001) film as
function of the spin-spiral g-vector. Lower panel: calculated total energy

(circles, solid line) and a fit to the nearest neighbor Heisenberg model (dashed
line) as function of the g-vector.

two magnetic states with the largest energy difference (q = 0 and q = M, cf. Fig. 7.9)
was better than 2 meV per atom. A test with kpax = 3.3 a.u. ! showed that the
convergence of the energy difference between the same states with respect to the
planewave cutoff was better than 4 meV per atom.

The results of the self-consistent spin-spiral calculations are presented in Fig. 7.9.
The upper panel of Fig. 7.9 shows the valence magnetic moment of the s, p and d
electrons within the muffin-tin sphere as function of the spin-spiral g-vector. The
valence moment of the surface atoms is marked by triangles. The valence moment
of the atoms at the center of the 10 layer film, 4 layers below the surface, is marked
by circles. The surface enhancement of the magnetic moment is clearly visible for
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all values of q. For all magnetic configurations we found a finite valence magnetic
moment, being always larger than 0.30 up at the surface and 0.25 up at the center
of the film, even for the largest values of q. In their study of non-collinear states
in hcp bulk Gd, Sandratskii and Kiibler [SK98| also found that a finite value of
the valence moment remains for large spin-spiral ¢-vectors. However, the absolute
value of the magnetic moment cannot be compared to our results, since they use
space filling spheres around the atoms. To verify that the stability of the induced
moment is not a consequence of the high symmetry of the spin-spiral configuration
they carried out calculations for disordered magnetic configurations, which confirmed
the stability of the valence moments. Therefore, we expect the magnetic moments
of disordered configurations at the surface to be of similar size as found for the spin-
spiral calculations.

The total energy as function of the spin-spiral g-vector F(q) is plotted in the
lower panel of Fig. 7.9. F(q) possesses a pronounced minimum at the T'-point, cor-
responding to a ferromagnetic ground state. With growing q, i.e. increasing angle
between the magnetic moment of neighboring atoms, the energy increases quickly.
In contrast to the results of the 3d monolayers on the Cu and Ag(111) surface (cf.
Chap. 6), which have the same two-dimensional Brillouin zone, the energies at the
two M-points at the right-hand side and the left-hand side of the plot are not equal.
The actual g-vectors of these two points that have been used for the calculations are
different. For the calculation of E(q) along T-K-M' we used g-vectors on a straight
line in reciprocal space. The point M at the end on this line is not on the border of
the first Brillouin zone but on the border of a neighboring cell in reciprocal space (cf.
Fig. 7.10). The magnetic atoms of a monolayer on a (111) oriented fcc surface form a
two-dimensional triangular lattice (Bravais lattice) without a basis. In this case the
energy of F(q) at the two M-points is always the same. However, in the case of the
(0001) surface of Gd there are two magnetic atoms in the unit cell, i.e. it is a lattice
with a basis. To clarify the consequences we discuss the classical nearest neighbor
Heisenberg model for the hcp (0001) surface in the following section.

7.2.2 The nearest neighbor Heisenberg model for hcp bulk
and the hcp (0001) surface

In this section we present a brief discussion of the classical nearest neighbor (n.n.)
Heisenberg model (cf. Sec. 6.2) for the hcp lattice and the hep (0001) surface. We
begin with bulk hcp. First we define the primitive vectors of the hcp Bravais lattice
and the reciprocal lattice:

a, = a(v3/2, =1/2,0), a;=a(V3/2, 1/2, 0), a3=c(0, 0, 1) (7.1)
b, = 2%(1/\/??, ~1,0), by = 27”(1/\/5, 1,0), bs=2"0,0,1).

c
Naturally, we will later use a; and a, as the primitive vectors of the two-dimensional
Bravais lattice of the Gd(0001) surface. The two-dimensional lattice and reciprocal
lattice including the primitive vectors are shown in Fig. 7.10.
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Figure 7.10: (a) The two-dimensional Bravais lattice of the hcp (0001) sur-
face. a; and ay are the primitive vectors that span the lattice. The sketch also
contains the Wigner Seitz cell. (b) The corresponding reciprocal lattice. by
and by are the primitive vectors of the reciprocal lattice. The black hexagon
shows the first Brillouin zone. The irreducible wedge is marked in gray. The
IBZ is limited by the high symmetry lines connecting the symmetry points T,
K and M. Following the line 'K beyond the K-point leads to an M-point of
a neighboring cell denoted M.

In order to calculate the Fourier transform of the exchange constants according to
Eqn. 6.7, we need to sum over all nearest neighbors of the magnetic atoms and, since
we study a lattice with a basis, over the atoms in the unit cell. For the actual ab-initio
calculations we chose the atom positions (p) such that we obtain an inversion center
at the origin. Here, we make the same choice again:

p = +(1/3a; + 1/3a, + 1/4as). (7.2)

Eqn. 6.7 contains the distance vectors (Rs) from each of the two atoms in the unit
cell to its 12 nearest neighbors. Each atom has 6 neighbors in the a;-as-plane, as
well as 3 neighbors above and 3 neighbors below this plane. In the following we list
all vectors R for the two atoms in the hcp bulk unit cell.

Atom1: Rs to the 6 neighbors in the a;-as-plane:

a;, az, —a;, —az, a; —az, az — a4 (73)

Atom1: Rs to the 6 neighbors above and below the aj-as-plane:

L L + L 2 L + L ! + 2 + L (7.4)
—-a;—-ay*+-az, -a—-a*t_-az —-a+-atza .
3 1 3 2 92 3 3 1 3 2 92 3 3 1 3 2 92 3
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Atom2: Rs to the 6 neighbors in plane the a;-as-plane:
a;, az, —a1, —Aag, A1 — a2, az — a4y (75)

Atom2: R; to the 6 neighbors above and below the a;-as-plane:

1 n 1 " 1 2 n 1 n 1 1 2 " 1 (7.6)
—a —a —a ——a —a —a —a; — —a —ags, .
3 1 3 2 9 39 3 1 3 2 2 39 3 1 3 2 9 3

Writing the g-vector as
q = ¢1b; + g2ba + g3by, (7.7)

we obtain for the Fourier transform of the exchange integrals Jucp(q):

Jhep(d) = Ji[4cos(2mqy) + 4 cos(2mgs) + 4 cos(2m(gq1 — ¢2) (7.8)
+ 2 (2(1 +1 L ) + 2 (2(1 +1 +1 )
COS\ 27 3Q1 3(12 2(13 cos(zm 3(11 3112 2(13
2 1 1 2 1 1
2cos(2m(2qy — ~gp + - 2cos(2m(=qy — ~gy — ~
+  2cos( 7T(3(Z1 3% + 2613)) + 2 cos( 7T(3(I1 392 2(]3))
1 2 1 1 2 1
+ 2cos(27r(§q1 — ng — 5(]3)) +2 cos(27r(§q1 — §q2 + §q3)) |.

After Jhep(q) has been determined the energy of spin-spiral states can be calculated
as function of the g-vector using Eqn. 6.11. We consider first the symmetry line I'-
K-M’ of the three-dimensional Brillouin zone. As mentioned above the M’-point is
not on the border of the first Brillouin zone, but on the border of a neighboring cell in
reciprocal space. All three symmetry points are in the b;-by-plane (g3 = 0). Hence,
this symmetry line corresponds exactly to the line I-K-M shown in Fig. 7.10. The
line '-K-M’ can be parameterized by, e.g. (cf. Fig. 7.10)

q= —zb; +zby, 0<z<0.5, (7.9)

i.e. ¢t = —z and ¢y = z. Substituting into Eqn. 7.8 and using Eqn. 6.11, we obtain
the energy as function of the g-vector:

FEhep(q) = S2J; [4 cos(4mz) + 16 cos(2mz) + 4], (7.10)

which is 27-periodic. Thus, Eycp(q) has the periodicity of the reciprocal lattice. The
symmetry line '-M can be parameterized by, e.g.

q=zby, 0<z<0.5. (7.11)
On this symmetry line we obtain

4 2
Ehep(q) = S?J; |8 cos(2mz) + 4cos(§x) + 8cos(?ﬂ-m) +4 (7.12)

for Enep(q). This function is 6m-periodic, i.e. Fncp(q) has a larger periodicity than the
reciprocal lattice for g-vectors along the direction '-M. However, since we investigate
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the temperature dependence of the electronic structure of Gd we are mainly interested
in small g-vectors. Therefore, we will not discuss Encp(q) beyond the M-point. At
this point, we can already see that the energy at M and M’ are in fact different within
the n.n. Heisenberg model.

To calculate Eg,(q) for the Gd(0001) surface we make the simplifying assumption
that the n.n. exchange constant J; is the same for all pairs of atoms, even at the
surface. Using this assumption, Fgim,(q) for the 10 layer film used in our ab-initio
calculation is simply given by five times Fj, minus the terms that are missing because
of the reduced coordination of the surface atoms. Thus, we obtain

1 1 1
Jaim(Q) = 5Jnep(d) — 2 cos(27r(3ql + 3%~ ECI?,)) (7.13)
2 1 1
- 2 2m(=
Ji cos( 7r(3 30 + 2Q3))
1 2 1
— 2J; cos(27r(§q — 3%~ ECI?,))

for the Fourier transform of the exchange integrals, and hence,
FEgim(q) = S?J; [20 cos(47x) + 76 cos(2m) + 18] (7.14)

and
9 4m 2m
Egim(q) = SJ; |40 cos(2mz) + 18 cos(?x) + 36 cos(?x) +20 (7.15)

for the energy of the 10 layer Gd(0001) film as function of the spin-spiral g-vector
along the lines I-K— M and I'-M, respectively. We performed a fit of these functions
to our ab-initio results. The ﬁtted function is shown as dashed line in Fig. 7.9. From
this fit we obtained a value of S2J; = 5.5 meV for the n.n. exchange integral.

7.2.3 The electronic structure of the Gd(0001) surface as
function of the spin-spiral g-vector

In this section we investigate the electronic structure of the Gd(0001) surface as
function of the spin-spiral g-vector: to model the temperature dependence of the
electronic states. In particular, we are interested in the change of the binding energy
of the surface state. Therefore, and to be able to compare the results with the
scanning tunneling spectroscopy (STS) experiments, we calculated the local density
of state in the vacuum region. Within the Tersoff-Hamann model this is exactly the
quantity measured by a (non-spin-polarized) STS experiment (cf. Sec. 6.6.1).

In Fig. 7.11 we present the calculated local density of state (LDOS) in the vacuum
region for different spin-spiral g-vectors on the high symmetry lines 'K and T'-M.
Since the electronic states are generally spin-hybridized in non-collinear magnetic
configurations and are therefore not of pure spin-up or down character any more, we
present only the total LDOS. The LDOS for q = 0 is identical to the result of the
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Figure 7.11: Local density of states at a distances of 8.2 A from the surface
layer in the vacuum region as function of the spin-spiral g-vector.

collinear ferromagnetic calculation (cf. Fig. 7.8). First of all it can be seen that the
behavior of the LDOS is very similar for g-vectors on both symmetry lines, I'-K and
I'-M. Though, it should be noted that the “step size” of the g-vector grid is slightly
different on the two lines, since the distance from T to K in reciprocal space is by a
factor of 2/4/3 (~ 15%) larger than the distance from T to M.
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At q = 0, the two peaks of the LDOS due to the spin-split surface state are
clearly visible. With increasing g the spin-splitting decreases. In particular the un-
occupied minority surface state moves towards the Fermi energy. For larger values
of g (q = 2/8K to 4/8K and q = 2/8M to 5/8M) the intensity of the peaks de-
creases and two double peak structures can be observed. For even larger q’s again
two pronounced peaks emerge. However, the occupied peak below the Fermi energy
is now much smaller than for small g-vectors and finally disappears for q = 6/8K
and q = 6/8M, respectively. At the same time the intensity of the peak in the unoc-
cupied region, which is now only about 300 meV above the Fermi energy, increases.
These trends are in good agreement with temperature dependent STS experiments
[BGH198, GBH"98, GBHW99|, which also found a decrease of the splitting of the
two peaks with temperature and a decreasing intensity of the peak below the Fermi
energy for high temperature. However, the initial splitting at 20 K is found to be
700 meV, which is much smaller than our result of 1.1 eV for the ferromagnetic
configuration.

In Fig. 7.12 the positions of the two peaks in the occupied and unoccupied region
of the vacuum LDOS (circles) are plotted versus the energy of the corresponding spin-
spiral per atom. The bulk Curie temperature of Gd of TF = 293 K corresponds an
energy of about kg7 ~ 25 meV. However, a direct comparison between our calcu-
lations and an experiment at a certain temperature is difficult for two reasons: First,
in a real experiment at a finite temperature many magnons with excitation energies
up to a certain value will be present simultaneously. Thus, there will always be a
superposition of magnons with g-vectors of different directions and different lengths,
while our calculations were carried out for a single g-vector each. And secondly, we
know form the bulk calculations (cf. Sec. 7.1) that the calculated magnetic energies
depend significantly on the treatment of the 4 f states. Comparing the total energy
difference between ferromagnetic and antiferromagnetic hcp Gd calculated within the
4 f-core model and the LDA+U method, we could conclude that the 4 f-core model
might overestimate the magnetic energies by up to 50%. This would of course cor-
respond to a substantial change of the temperature scale. On the other hand our
results show the effect of non-collinear magnetic order present in a real material at
finite temperature on the electronic structure. And they allow to understand the
general trends in the temperature variation of the electronic valence states.

Coming back to Fig. 7.12, it can be seen that the two peaks in the occupied and
the unoccupied region of the vacuum LDOS approach the Fermi energy, and also
that the results for g-vectors on the two different symmetry lines are similar. In this
figure we marked two values for the occupied peak in the region of q where the double
peak structure is visible in Fig. 7.11. By a detailed analysis of the electronic states
we traced the majority and minority part of the surface state at the I'-point. The
corresponding binding energies are included as triangles in Fig. 7.12. The energies
of the surface states at the I'-point are in good agreement with the peak positions
of the vacuum LDOS. The analysis of the states shows that in the ferromagnetic
configuration both, the majority and in particular the minority surface state, have
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Figure 7.12: Position of the occupied and unoccupied peak in the vacuum
local density of states (circles) and of the spin-split surface state at the I'-point
(triangles) as function of the spin-spiral energy for g-vectors on the line I'-M
(upper panel) and T-K (lower panel).

an enormous amount of charge in the vacuum region. More than 20% of the charge
of these states is found in the vacuum region of the FLAPW method, which starts
above the muffin-tin spheres of the surface atoms. However, the minority part of
the surface state quickly loses its surface localization with increasing q. Presumably,
this is due to the increasing possibility to hybridize with bulk majority states in
the same energy region. An analysis of the charge distribution of the states at the
I-point shows that, while the minority surface state loses surface localization and
more of its charge is found in muffin-tins far from the surface, the vacuum charge of
other (majority) states of the same energy, that have little surface localization in the
ferromagnetic state, grows. Due to the hybridization with other states it is difficult
to trace the minority part of the surface state beyond the first 4 g-vectors of our
calculation. The majority part of the surface state also loses surface localization with
increasing q, but more slowly that the minority part. Since it falls into a gap of both,
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majority and minority state, in the ferromagnetic configuration, there are no states
with similar energy available for hybridization (for small values of q).

In conclusion, we can say that the change of the electronic structure, in partic-
ular the vacuum local density of states, of spin-spiral calculations with g-vectors of
different size nicely resembles the trends found in temperature dependent scanning
tunneling spectroscopy experiments. However, a direct comparison of the theoret-
ical results to an experiment at a certain temperature is difficult. With increasing
g-vector the character of the surface states changes drastically due to hybridization
with other states, also with states that originally have a different spin-character in
the ferromagnetic configuration. For very large values of q we found only a single
peak in the vacuum local density of states. In that configuration the valence mag-
netic moment is still as large as 0.4 up at the surface. Hence, the decreasing and
finally vanishing spitting of the peak of the density of states due to the surface state
cannot be taken as support for the applicability of the Stoner model in the sense of
a vanishing valence magnetic moment.
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Chapter 8

Conclusions and Outlook

In the present work we developed and applied a self-consistent full-potential non-
collinear vector spin-density ab-initio program for bulk, surfaces and thin films on
the basis of the FLAPW method. In order to be able to deal with arbitrary magnetic
configurations, which are not necessarily the magnetic ground state or a station-
ary state of the system under consideration, we implemented the constrained local
moment method. On the basis of a generalization of the Bloch theorem for spi-
ral magnetic states we have extended the vector spin-density FLAPW method to
also allow commensurate and incommensurate spin-spiral calculations using only the
chemical unit cell of the crystal, without the need for large super-cells. Thus, we are
able to cover a comprehensive set of magnetic configurations, which is only limited
by the available computer time. With the combination of the predictive power of the
density functional theory and the accuracy of the FLAPW method, which is ideally
suited for open structures, we have obtained a unique and powerful tool to study the
non-collinear magnetism of surfaces, thin films and systems with reduced symmetry
in general.

We have applied this method to perhaps the classical problem of geometric frus-
tration: the two-dimensional antiferromagnet on a triangular lattice. We have per-
formed self-consistent calculations for the 3d transition metal monolayers V, Cr, Mn
and Fe on the (111) oriented surfaces of Cu and Ag. We investigated the magnetism,
the interlayer relaxation, and the energetics of a nearly complete set of magnetic
states and found an amazing variety of different magnetic ground states: ferromag-
netic for Fe/Cu(111) and Fe/Ag(111); row-wise antiferromagnetic for Mn/Ag(111);
the 120° Néel state, a two-dimensional non-collinear state in which the direction
of the magnetic moment changes by +120° with respect to the neighboring atoms,
for V/Ag(111), Cr/Cu(111) and Cr/Ag(111); and the so-called 3Q) state, a complex
three-dimensional non-collinear state, which is a superposition of three spin-waves
(a picture is shown at the beginning of this thesis), for Mn/Cu(111). In addition, a
calculation, that uses a fractional nuclear charge as a model for alloys, suggests the
possibility of a spiral magnetic ground state for a monolayer alloy of Fe and Mn.

In order to shed more light on the physical nature of the magnetism of these
systems we presented a detailed discussion of the classical Heisenberg model on the

185
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two-dimensional triangular lattice. We developed a 7' = 0 phase diagram in the
parameter space of the exchange integrals. The structure of this phase diagram be-
comes very rich and complex, when exchange integrals beyond the nearest neighbors
are taken into account. Depending on the exchange integrals J;, J2 and J3 the mag-
netic ground state can be collinear, ferromagnetic or row-wise antiferromagnetic, or
non-collinear, i.e. the Néel state or spin-spirals that propagate in different high sym-
metry directions. We tested the validity of the Heisenberg model by calculating the
functional dependence of the energy and the magnetic moments with respect to the
angle describing the relative orientation of the local moments. Comparing our self-
consistent calculations to the Heisenberg model, we found significant deviations. The
results of our self-consistent ab-initio calculations show that terms that go beyond
the Heisenberg model, like the biquadratic of the 4-spin interaction, play an impor-
tant role for the itinerant 3d metals. In the case of the Mn monolayer on Cu(111)
the higher order terms lead to the stabilization of the 3Q structure. The size of the
higher order terms can be appraised directly from the energy difference between the
3Q and the row-wise antiferromagnetic state, because the two states are degenerate
within the Heisenberg model irrespective of how many nearest neighbors are taken
into account. The physical picture of the magnetism of the two-dimensional antifer-
romagnets on a triangular lattice has been developed for unsupported monolayers.
But all essential results have been confirmed by calculations that included the ac-
tual Cu or Ag(111) substrate. The results do not change qualitatively, which means
that 3d transition metals on noble metal substrates are a good physical realization
of two-dimensional magnets.

We summarize this part of the investigation by concluding that any realistic de-
scription of two-dimensional itinerant antiferromagnets on a triangular lattice requires
exchange interactions not only beyond the nearest neighbors but also exchange in-
teractions beyond the Heisenberg model. This is an important discovery for the
development of models dealing with the quantum fluctuations in these systems.

In the row-wise antiferromagnetic state, the 120° Néel state and in the 3Q state
the atoms are chemically indistinguishable and the total magnetic moment integrated
over the unit cell is zero. We show that an experimental verification of our predictions
will be possible with the spin-polarized scanning tunneling microscope (SP-STM).
Depending on the direction of the magnetization of a spin-polarized tip relative to the
magnetization of the sample, the SP-STM image will in general display patterns that
reflect the magnetic super-structure. By an investigation of the electronic structure
of the magnetic monolayers in the vacuum region we verify that it is possible to
distinguish between the different magnetic states on the atomic scale using the SP-
STM with atomic resolution.

The localized 4 f states of Gd represent a challenge for first-principle theory. Our
calculations support the findings of previous authors that within the LDA the itin-
erancy of the 4f states is overestimated. In particular, the large density of states at
the Fermi energy due to the minority 4f electrons is unphysical, and our results show
that this is the origin of the incorrect prediction of the antiferromagnetic ground state
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for hcp Gd by many LDA and GGA calculations. We show that different methods of
removing these states from the region close to the Fermi energy, e.g. the treatment
of the 4f electrons as localized core electrons, lead to the prediction of the correct
ferromagnetic ground state. With these methods ground state properties like the
magnetic moment and the equilibrium lattice constant can be determined in good
agreement with experiment.

To model the temperature dependence of the electronic structure of the Gd(0001)
surface, which has been a matter of extensive debate, we performed non-collinear
spin-spiral calculations. We calculated the local density of states, which is probed
by scanning tunneling spectroscopy (STS) experiments, as function of the spin-spiral
g-vector. In the ferromagnetic configuration, which would correspond to a zero tem-
perature experiment, we found two pronounced peaks in the local density of states in
the vacuum, which originate from the spin-split d,> surface state of Gd. These peaks
were also observed in actual STS experiments. However, the experimentally observed
splitting at low temperatures is smaller (700 meV) than the splitting obtained from
the calculation (1.1 eV). With increasing g-vector, i.e. increasing angle between neigh-
boring atoms, the two peaks in the local density of state approach the Fermi energy
from below and above and the splitting decreases. Finally, only a single peaks is
visible. In all magnetic configuration we found a finite valence magnetic moment.
Hence, the decreasing and finally vanishing spitting of the peak of the local density
of states due to the surface state cannot be taken as support for the applicability of
the Stoner model in the sense of a vanishing valence magnetic moment.

Non-collinear ab-initio calculations on the basis of the FLAPW method have
proven to be a powerful tool to investigate non-collinear magnetic states, in particu-
lar at surface and in systems with reduced symmetry. The constrained local moment
method allows calculations of arbitrary magnetic configurations. Thus, in particu-
lar, the total energy of a magnetic system can be calculated as a function of the
angle of the local moment. Analogous calculations can be performed as a function
of the spin-spiral g-vector. The results can be fitted to model Hamiltonians, e.g.
the Heisenberg model. The parameters that are obtained from such fits can then be
used in the framework of the corresponding model to investigate, for example, the
finite temperature behavior. Spin-spiral calculations could be used to determine the
energies that are associated with the formation of domain walls in ferromagnetic ma-
terials, both in the bulk, but also in magnetic films. In combination with calculations
of the magneto-crystalline anisotropy, valuable information about the stability and
size of domain walls in magnetic films could be obtained. Magnetic frustration will
play a growing role in the world of nano-magnetism. The frustration at step edges
of interfaces between ferromagnetic and antiferromagnetic materials is one example,
which is technologically consequential for the exchange bias effect. Other examples
are magnetic molecules, magnetic clusters in the gas phase or deposited on surfaces.
A first-principle quantum mechanical description of such systems will become more
important, also to understand and optimize technologically relevant effects. Non-
collinear calculations are also an important input to determine dynamical properties
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such as spin-waves.

In summary, we have developed a powerful tool — a massively parallelized ab-
initio full-potential vector spin-density FLAPW program — to deal with constrained
and unconstrained, commensurate and incommensurate non-collinear magnetism in
the bulk, at surfaces, in thin films, in low-dimensional and open structures and sys-
tems with low symmetry in general. In combination with the capability to calculate
the total energy and to optimize the structure this tool opens new vistas in the inves-
tigation of the magnetic ground state properties, the dynamical properties and the
temperature properties in the field of nano-magnetism.



Appendix A

Spin Rotations and Coordinate
Transformations

The implementation of non-collinear magnetism presented in chapter 5 uses different
spin coordinate frames. A global frame SY, defining the global spin z-axis and also the
x- and y-axis, is used for the interstitial and vacuum region. At each atom we define
a local frame S* with the local z-axis parallel to the direction of the local magnetic
moment. As a consequence, we have to deal with coordinate transformations of
three-dimensional real vectors (m, B), two-dimensional complex Pauli spinors () and
complex 2 x 2 matrices (p, V). The aim of this section is to clarify the convention and
notation used and to state the formulae that are used in the actual implementation.

A.1 Euler Angles

A common way to specify a general three-dimensional rotation is the use of the
Euler Angles. Here the rotation is separated into three rotations about the axes of a
coordinate frame. These rotations are represented by 3 x 3 matrices, e.g. a rotation
around the x-axis by an angle ¢ is performed by applying the matrix

1 0 0
R,(p) =] 0 cosgp —sing |. (A1)
0 singp cosyp

There are different ways to choose the axes of the three rotations. We use the conven-
tion of rotations around the z- and y-axis, where the axes of the coordinate system
we rotate around are kept fixed during the whole rotation. The three rotations are as
follows. First, we rotate around the z-axis by an angle . Second, we rotate around
the y-axis by an angle 8 and the last rotation is again around the z-axis by an angle
a. Thus, a general rotation matrix takes the form

R(a, 8,7) = R.() - Ry(8) - R.(7) = (A.2)
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cosacos fcosy —sinasiny —cosacosfsiny —sinacosy cosasinf
sin wcos fcosy + cosasiny —sinacosFsiny 4+ cosacosy sinasinf
—sin B cosy sin G sin y cos 3

Here we use the active interpretations of rotations, i.e. the three-dimensional vectors
are rotated, not the coordinate system.

A.2 Coordinate frame transformations

Due to the usage of different spin coordinate frames it is necessary to transform quan-
tities, like for example the integrated local moment inside the muffin-tin sphere «,
M¢?, from one spin frame to another. An additional index is added to distinguish be-
tween the representations in the different spin frames. When a quantity is represented
within the global frame it is notified by an index g, e.g. M®9. The same quantity
represented in the local frame or the frame of the effective B-field is denoted M or
M8 respectively. Before we start to work with the coordinate transformations, we
have to define the local spin frames. The reason to introduce a local frame is to work
in a frame, that has its z-axis parallel to the direction of the local magnetization é*.
Thus, we still have the freedom to rotate the local frame around its z-axis. We make
a choice by setting the Euler angle v = 0 for the rotation that rotates the global
frame SY into the local frame S®. The corresponding rotation matrix is

cosacosfS —sina cosasinf
R* = R(a,3,0) = | sinacosf cosa sinasing |. (A.3)
—sin 8 0 cos 3

With this choice, the Euler angles a and § are equal to the standard polar angles of
the local z-axis in the global frame, o = ¢ and § = 9. Hence, the basis vectors of the
global frame & are related to the basis vectors of the local frame €2 by R(a, 3,0) &7
é¢. Defining R*® = (R*)1(= (R29")'"), the relation between the representations
of a vector quantity, e.g. M?, is given by

M* = R . M (A.4)

The coordinate frame transformation matrices have the same representation in both,
the local and the global frame. This becomes immediately obvious, when a trans-
formation is applied to R*9. For example, to obtain R®Y in the local frame it has
to be multiplied by R*Y and R* from the left and right, respectively, yielding
RalgRalgRagl — RalgRal_q(Ralg)—l — Ralg.



A.3 Spin Rotation Matrices 191

A.3 Spin Rotation Matrices

The corresponding matrix of the rotation matrix in the two-dimensional space of
Pauli spinors is the spin 1/2 rotation matrix U.

—i(at+y) B Zile=y) . .3

e”z cos(5) —ez  sin(3)
U «, ﬁa = i(a— 2 i(a 2 A5
( 7) ( & zﬂsin(g) R ;7)(:05(‘21) ) (A.5)

The unitary matrix U is derived in most standard textbooks, e.g. [OH93]. Again, we
use the active interpretation of the rotation, i.e. the wave function (spinor) is rotated.
In other words, the expectation value of the rotated spinor with the operator o,
which has the meaning of a magnetic moment, is rotated by the corresponding three-
dimensional rotation.

(U(a, B,7)xlo|U(a, B,7)x) = R(e, B, 7){x|o|x) (A.6)

The proof of this equation is straightforward, but cumbersome. The coordinate sys-
tem transformation rules are equivalent to (A.4).

Xal — Ualgxa_q (A7)

Where U is given by U*9 = (U(c, 3,0)) ! and the unitary U-matrices fulfill the
condition U = (U*9")~! = (U*9")t. The 2 x 2 matrix quantities p and V transform

like operators, e.g.
pal — UalgpagUagl — (Uagl)’[pagUagl- (AS)
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