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ABSTRACT

Electronic Structure of Low-Dim. Magnetic Systems

In this thesis we applied a recently developed version of the Screened Korringa-Kohn-Rostoker
(SKKR) method for the study of the electronic and magnetic properties of three different low
dimensional systems . Firstly we focussed our attention to the study of the magnetic properties at the
bcc Fe/Co interfaces, and investigated in particular the relation between the magnetic profile at the
interface and the hyperfine fields induced on substitutional Cd probe atoms. The results are
compared with the experimental observations obtained by means of TDPAC spectroscopy. Then
we took advantage of the favourable scaling of the SKKR method with the system size, and tackled
the problem of the magnetic properties of nearly one-dimensional systems. In particular, we
investigated the case of infinite monoatomic 4d rows placed on different Ag substrates, exploiting
the idea of high Miller index surfaces . Finally, we dealt with the complex band structure of
insulators, e.g. of ZnSe, MgO and SrTiO3, which can be used to describe the transport properties in
Ferromagnet/Insulator/Ferromagnet junctions and showed how this complex bandstructure can be
obtained by means of the SKKR method.
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Chapter 1

Introduction

The study of the magnetic properties of surfaces, ultrathin films and multilayers
has received an increasing attention from the physics community during the last
decades. The discovery of new magnetic properties have led to a renewed interest
in magnetism leading not only to a proper understanding of the underlying physics,
but also to possible fascinating industrial applications . Since the reduced dimension
significantly modifies the magnetic properties [HOMW98], such low-dimensional sys-
tems are of central interest within material science since they offer the possibility
to create new materials with uniquely tailored magnetic properties . One of the
more representative example in this respect, is the discovery of the Giant Magne-
toresistance (GMR) [BGSZ89, BBF+88] and Interlayer Exchange Coupling (IEC)
[GSP+86, PMR90] effects in multilayer systems composed of magnetic layers sep-
arated by non-magnetic spacer-layers, and the following application in magnetic
storage and reading-head devices. Simultaneously, the experimental techniques for
crystal growing refined so much that systems like interfaces and overlayers on metals
and semiconductors can be constructed with high accuracy. Among them, Molecular
Beam Epitaxy (MBE) excelled [CP85] in this goal ; since it processes in the ultra-
high vacuum regime, a number of diagnostic methods such as reflection high-energy
electron diffraction (RHEED), Auger electron spectroscopy (AES) or thermal En-
ergy Atom Scattering (TEAS) can be used for an in situ real-time control of the
deposition stage. Moreover with the modern Scanning Tunneling Microscopy (STM)
techniques [Bes96] atom resolved information of the surface structure of such mate-
rials can be obtained .

From the theoretical point of view the progress made in electronic structure
calculations leads nowadays to such a degree of precision regarding the calculated
electronic and magnetic properties, that they are of enormous help for the un-
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derstanding of the basic processes in solid state physics, and moreover can also
interprete or predict the results of the experimental investigations . As a central
key these calculations aim at the solution of the Schrödinger equation associated
to the many particles system of which the solid is composed. Two different ap-
proaches have been adopted to face this problem: the use of taylored parametrized
methods, fast and reasonable accurate, or parameter-free, i.e . "ab initio", meth-
ods, more involved and computationally demanding, but also more flexible and very
accurate . Among the different ab initio methods, the more successful ones were
based on the Density Functional Theory, which allows very elegantly to transform
the many-particles problem associated with the Schrödinger equation into an effec-
tive single-particle one [HK64, KS65, JG89] . Different sub-categories of ab initio
programs can be characterized, depending on the basis set chosen for the solution
of the Schrödinger equation . Each method presents advantages as well as draw-
backs regarding the study of a specific system, and therefore different methods can
be more convenient depending on the problem one wants to tackle. For instance
the pseudopotential method, for which the basis set is composed by plane waves,
was extensively applied for the characterization of the electronic properties of bulk
semiconductors as well as semiconductor surfaces, interfaces and heterostructures
[CL96] . Other methods like the Linear Muffin-Tin-Orbitals (LMTO) method [Skr83]
together with its Tight-Binding version (TB-LMTO) [AJ84], and the Full-Potential-
Augmented-Plane-Waves (FLAPW) method [JMA78], describe the crystal by means
of the Muffin-Tin concept, and are well suited for the study of closer packed mate-
rials, e.g . transition metals .

In this thesis we use the Korringa-Kohn-Rostoker (KKR) method, which is one
of the most accurate and flexible ab-initio band structure method for the study of
periodic systems as well as localized perturbations. The KKR method is based on
multiple scattering theory and was originally proposed independently by Korringa
[Kor47] and by Kohn and Rostoker [KR54] . Within a Green's function approach,
Dupree [KR61], Beeby [Bee67] and Holzwarth [Ho175] developed a first version of the
KKR method being able to treat localized perturbations, and successively Zeller and
Dederichs [ZD79] integrated it in the frame of the DFT for realistic self-consistent
calculations of point defects in metals. Since then, the Rilich group has developed
many different conceptual improvements to the KKR method, from the full potential
formulation [Dri91, DDZ92], to the introduction of lattice relaxations [PZDS97,
SBZD87], to fully relativistic versions developed in collaboration with the Munich
group [Ebe, Non00] .

Another major implementation, which is also used in this thesis, is the transfor-



mation into the "screened" (also called tight-binding) KKR method . In electronic
structure calculations the use of tight-binding methods with short-ranged hopping
parameters has many advantages. For instance most of our understanding on tran-
sition metals and other localized systems comes from a tight-binding picture of
localized orbitals with small overlap between nearest-neighboring sites. Moreover
tight-binding methods are also from the numerical point of view very favourable,
since the short range of the coupling simplifies enormously the complexity and the
numerical effort of the calculations and permits to tackle problems, the solution of
which is otherwise not attainable . Therefore many attempts have been made in or-
der to combine the simplicity of the tight-binding approaches with the accuracy and
precision of ab-initio methods. For the KKR method, a screened version was orig-
inally proposed by Andersen et al. [APS92] and a reasonable way to calculate the
screened KKR structure constants was proposed by Szunyogh et al. [SÜWK94], but
the degree of localization of these structure constants was very poor . A more effi-
cient and transparent way to derive well localized screened KKR structure constants
was obtained by Zeller et al. [ZDÜ+95, Ze197] and successively implemented into
a program able to study layered systems [Wi197, WZD97] and supercells [Zah98] .
During this work the existing version of the SKKR code has been further developed
in collaboration with N. Papanikolaou to treat on the same footing systems with
arbitrary two- or three-dimensional periodicity.

In the second chapter of this study the basic concepts of the Density Functional
Theory (DFT) and of the Local Spin Density Approximation (LSD) are resumed.
In particular we discuss the Kohn-Sham equations and the calculation of the total
energy.

In the third chapter the "traditional" KKR-Green's function method is re-
viewed. After a brief summary of the general properties of Green's function, we
discuss the scattering from a single potential. Afterwards the case of multiple scat
terers and the connection to the KKR method is considered . At the end of the
chapter a brief summary of the full potential treatment within this formalism is
given.

The main concepts of the screenedKKRmethod will be presented in the fourth
chapter . In the first section the derivation of the ideal structure constants and the
problems arising in a "traditional" KKR calculation are discussed. Afterwards we
introduce the concept of a reference system ; a suitable reference system, which will
lead to exponentially decaying "screened" structure constants is presented. After the
description of the different geometries which can be studied by the present SKKR
program, in section (3.4) a formulation adapted to layered systems is presented.
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In the following section the half-space geometry is discussed in detail . At the end

test calculations of the surface energy for the three low-index surfaces of Cu are

presented; the surface energies calculated by means of slab as well as half-space

geometries are compared with other theoretical results in the literature .

In the following chapters we apply these methods to three different systems .

The fifth chapter is devoted to the study of the magnetic and hyperfine prop-
erties of the bcc Fe/Co interfaces, and of dilute and ordered Fe/Co alloys . In the
first section the formulas used to calculate the hyperfine fields induced from the
magnetic environment at the considered atomic position are described . The rest
of the chapter is divided in two parts. The calculations presented in the first part
have been motivated by recent experimental investigations of the magnetic proper-
ties at the Fe/Co interfaces performed by means of a Time Differential Perturbed
Angular Correlation (TDPAC) spectroscopy [SMD+97] ; in the work of Swinnen et
al . [SMD+97] the hyperfine fields of Cd probe atoms, implanted in a bcc Fe/Co
multilayer system, were measured, and from this the magnetization profile at the
Fe/Co interface was deduced based on amodel proposed by Stearns for the hyperfine
fields [Ste73] . The magnetic moment profile at the Fe/Co (001) and (110) interface
obtained with our SKKR program is discussed and compared with other theoretical
calculations as well as with the fitted magnetic moment profile suggested by Swin-
nen et al. [SMD+97] . The hyperfine fields of a Cd impurity at the Fe/Co interface
are also calculated and a detailed comparison with the experimental measurements
is given. In the second part, the attention is shifted to the Fe and Co hyperfine
fields at the Fe/Co interface as well as in dilute and ordered FeCo alloys . After a
detailed discussion about the origin of the hyperfine field in the bcc Fe-Co systems
a comparison with the experimental findings obtained by means of Mössbauer and
Nuclear Magnetic Resonance (NMR) spectroscopies is presented.

Only recently, by means of MBE techniques together with real time control of
the deposition stage, one has succeeded to grow one-dimensional monoatomic rows
on stepped surfaces [RHB+93, GBB+00a] . Motivated by the success of the modern
experimental techniques, in the sixth chapter an investigation of the magnetic
properties of monoatomic lines adsorbed on metal substrates is presented . Since
among all the materials, the ones which are on the borderline of magnetism, e.g . 4d
and 5d elements, present the more unexpected behaviour regarding their magnetic
properties, results for 4d monoatomic lines at different Ag substrates are given . In
the section (6 .1), (6 .2) and (6 .3) a detailed discussion on the structure and electronic
properties of high Miller index surfaces used as a template for the characterization
of the magnetic lines is given. The attentions is also devoted to the calculations



of Cu and Ag step energies . In section (6.4) the results for the 4d magnetic lines
at the (711), (410) and (221) Ag high-index surfaces are presented, and at the end
of the chapter the occurrence of ferro- or antiferromagnetic order in these rows is
investigated by means of total-energy calculations . For the large size of the systems
considered, these calculations have to be viewed as a first challenging application of
our Screened KKR program.

In the seventh chapter one of the implementations to the SKKR program,
which was performed during this study, is described, i.e . the calculation of real
and complex band structures . After a brief discussion on the importance of the
complex band structures for an intuitive interpretation of the transport properties
in metal/insulator/metal tunnel junctions, the complex band structures of ZnSe,
MgO and SrTi03 are presented.

In the eigth chapter a short summary of the results of this thesis is given.
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Chapter 2

Density Functional Theory (DFT)

This chapter intends to give a very brief summary of the basic concepts of Density
Functional Theory (DFT) . This method has been applied since the first formulation
of Hohenberg-Kohn and Kohn-Sham [HK64, KS65] to the study of many particle
systems; it provides a practical and computationally efficient scheme of solving the
Schr6dinger equation of N-interacting electrons for the study of electronic and mag-
netic properties (in its spin polarized formulation) of solids, atoms and molecules.
Herewith I follow the presentation offered by Parr and Yang [PY89], and refer to
this article and the references therein for a more in-depth presentation of DFT and
related theories .

2.1

	

Schro-dinger equation

Let us consider a system of N-interacting electrons in the presence of an external
potential v(r), namely the potential due to the nuclei of charges Za. For the two
components (electrons + nuclei) system, we adopt the so called adiabatic approx-
imation . Due to the much smaller electron mass, the electrons adjust practically
instantaneously to the motion of the heavy nuclei ; the nuclear coordinates can there-
fore be considered as parameters and only the coordinates of the electrons occur as
variables in the Schr6dinger equation .

For a system with time-independent interactions, we can write the Hamilton
operator (in atomic units 1 ) as

N

.H = E(-V?) +
i=1 i=1

N 1

	

Z«ZOv(ri)+E -+E

	

,i ri.9 a,Q Ra/6

ii .e . h = 1, me = z, e2 = 2 and ao = 0.529177 A, the Bohr radius, as length unit .
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in which v(ri) =

to the nuclei with charges Z« .
We can rewrite (2 .1), considering only the electronic part, in a more compact form,

i.e .

CHAPTER 2. DENSITY FUNCTIONAL THEORY (DFT)

Z« is the "external" potential acting on the electron i due

H =T+ Urce + Vee

	

with
(2 .2)

v(ri ) and Vee =

where the three terms are, respectively, the kinetic (T), the electron-nucleus attrac-

tion (Vne) and the electron-electron repulsion (Vee ) energy operators.
With the Hamilton operator ft the Schrödinger equation reads

where T = T (x1) X2, ..., XN) is the electronic wave function, E the electronic energy
eigenvalue and xi comprises the atomic coordinate ri and the spin coordinate si of
electron no. i. A full set of wave functions {T} can be solution of the (2.3), and
each T will be associated with an energy eigenvalue E . If we denote the ground
state energy by ED and the ground state wave function TO, the following variational
principle due to Ritz holds:

E[T] = (,@, HIY) > Eo = E[To]

	

(2.4)

provided the wave functions IF used in the variation are normalized and satisfy
Pauli's principle . Thus the minimization of the functional E[T] with respect to
T provides the ground state of the N electrons system . Equivalently, since the
Hamilton operator .H is determined completely by the external potential v(r) acting
on the N-electron system, v(r) will determine all properties of the ground state.

2.2

	

Hohenberg-Kohn theorems

(2 .3)

If we introduce the electronic density n(r) defined as the number of electrons per
unit volume in a given state T,

n(r1) = Nf . . . f I 'If (X1) X2, . . ., XN)12ds1dX2 . . . dXN

	

(2.5)

which satisfies the condition f n(r)dr = N, we can formulate the first Hohenberg-
Kohn theorem. It states that "the external potential v(r) is determined, within a
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trivial additive constant, by the ground state density no (r)" . The second Hohenberg-
Kohn theorem accordingly shifts the problem of the functional minimization in the
(2 .4) from the wave functions to the more simple electron density n(r), i.e .

E[n(r)] > Eo = E[no (r)]

	

(2.6)

where Eo is the ground state energy ; in order to write the above functional minimiza-
tion, the density n(r) has to be v-representable, i.e . it has to be associated with
the antisymmetric ground state wave function of an (interaction-free) N-particle
Hamiltonian (2 .1) . We can then write E[n] as the sum of three terms

where,

E [n] = T[n] + Vne [n] + Vee [n]

	

(2.7)

each of them being functional of the density n(r) .
The v-representable ground-state density has then to fulfill the stationary prin-

ciple

9 { E[n(r)] - p V n(r)dr - N
J
I = 0

	

(2.8)

where the total number N of electrons is imposed through the Lagrangian parameter
p which is the chemical .potential. Eq. (2.8) leads to the Euler-Lagrange equation

_ SE[n]
Sn(r)

which can be considered as the basic equation of the Density Functional Theory.

2.3

	

Kohn-Sham equations

(2.9)

Already in 1920s in the Thomas-Fermi model [Tho27, Fer27] it was understood that
the electron energy E could be seen as a functional of the electron density, but just
with the advent of the Hohenberg-Kohn contribution [HK64], the full implications
of this statement have become more evident . The principle idea was to look at the
Thomas-Fermi model as an approximation of an exact theory. In order to show this
we write the energy functional E[n] separating the kinetic term and the electron-
electron repulsion term from the electron-external potential term, i.e .

E[n] = f n(r)v(r)dr + F[n]

	

(2.l0)

F[n] = T[n] + V,, [n]

	

.

	

(2.l 1)



16 CHAPTER 2. DENSITY FUNCTIONAL THEORY (DFT)

From the Euler-Lagrange equation (2.9) we have then

~
_ v(r) +. bn(~

	

~

	

(2.12)

Instead of giving explicit approximate formula for T[n] and Vee[n] (like in the

Thomas-Fermi model), Kohn and Sham [KS65] proposed an indirect approach to

the kinetic functional T[n] .
Let us suppose to consider a system of N noninteracting electrons ; the ground

state wave function is given by the determinant

where vs (r) is an external potential. The ground state density can be written as a
sum over the occupied single particle wave functions as

N

n(r) =

	

I0i(r,S)I2

	

(2 .15)

For such a system the kinetic energy can be calculated by the following equation :
N

TS = E(V)il - V21
V)
i) . (2 .16)

i s

The Kohn-Sham idea [KS65] consists in rearranging the energy functional (2 .10)
of the interacting system, in such a way that the kinetic energy functional in first-
order is replaced by the one of a noninteracting system in the presence of a particular
external potential, which can be exactly evaluated by considering the Eq. (2.15) and
(2.16) as an implicit representation of this functional Ts[n] . We can rewrite (2.11)
as

F[n] =Ts[n] + J[n] + Exc,[n]

	

(2 .17)
Exe[n] = Tin] - T8 [n] + Vee[n] - J[nl

	

(2.18)

where the classical part of Vee[n], the Coulomb term J[n], is extracted from Vee [n],
and the exchange-correlation energy E,e[n] contains also a kinetic correction T-T9 .
The Euler-Lagrange equation gives then

/-t = veff (r) +S9[r
]

() (2 .19)

1
lif s = det[0i . . . 02] (2.13)

Ni

with of the lowest N eigenstates of the one-electron Hamiltonian hs

hsy~i = [-V2 + vs(r)]*i = e0i (2.14)



2.4 .

with

being the Kohn-Sham effective potential veff and v., e (r) the exchange-correlation
potential given by

If we look at (2 .19), we recognize the same equation one would obtain by applying
density functional theory to a system of noninteracting electrons moving under the
influence of the external potential v,(r) = veff (r); for a given veff(r), in order
to obtain the n(r), from the solution of (2.19), we have now to solve a system of
single-particle equations,

with

Equations (2.20) (2.22) and (2 .23) are the well known Kohn-Sham equations ; they
have to be solved self-consistently in order to obtain the electron density n(r) which
minimizes the energy functional (2 .10) .

The KS-eigenvalues EZ unfortunately have no direct physical meaning, because
the KS-orbitals Oz have only been introduced to sum up to the correct total electron
density n(r) ; a second important point is that the theory up to now is exact for the
ground state and all the complications of the many-body problem is shifted on the
choice of the exchange-correlation potential vxe . This means that if the exchange-
correlation potential vxe would be known exactly, then the Eq. (2.10) would give
the correct total energy of the N-electron interacting system . To this point I will
come back in section 2.5, where the Local Density Approximation (LDA) of the
exchange-correlation potential is discussed.

2.4

	

Total energy

If we indicate with veff an effective trial potential (approximation of the exact one

veff) the kinetic energy of the system can then be derived from (2.16) and (2.22) as

N

Ts [n] =

SExe[n]

	

(2 .2l)v~e(r) = Sn(r)

[-v2 + veff(r)]Oz = EZ0z

n(r) _	IVZ(r,9)12 .

s

N

ez - f n(r)veffdr .

(2.22)

(2.23)

(2 .24)

TOTAL ENERGY 17

veff (r) = v(r) + f Ir (r) I dr' + vxe(r) (2 .20)
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Using (2.10) and (2.17) we can express the total energy functional as the sum of two

contributions [DWZD89], the single-particle term Esp [n] and the double-counting

term Edjn]

CHAPTER 2. DENSITY FUNCTIONAL THEORY (DFT)

where the Coulomb term J[n] has been written explicitly. In usual calculations
for the bulk systems the Fermi energy is determined such that charge neutrality is
achieved . In calculation for systems like impurities in metals or metallic surfaces,
the Fermi level is fixed by the bulk and neutrality can only been achieved through a
selfconsistently determined "screened" potential v,ff(r) . Since in these calculations
the deviation of the potential v,ff(r) from the bulk value is restricted to a finite
region around the impurity or at the surface, charge neutrality cannot be achieved
correctly, with remanent charges of typically 10-2 - 10-3 electrons . In such non-
charge conserving calculations one has to go back to eq . (2 .8) in order to be able to
calculate reliable total energies,

E[n(r)] = E[n(r)] - EF V n(r)dr - N,

	

(2.28)

which, as is shown in [DWZD89], is extremal also for non-particle conserving varia-
tion Sn(r) . The single-particle contribution Esp[n] becomes then,

ERP

	

EF

Esp[n] _ f

	

en(e)de - EF ~~

	

den(e) - NJ

	

(2.29)

where n(e) is the density of states . By introducing the integrated density of states
N(E) = fE n(e)de the expression can be tranformed to

Esp [n] = EFN + f
EF

de(e - EF)n(e) = EFN - fE

F

deN(e) .

	

(2.30)

The change in the integrated density of states AN(E), due to the presence of the
defect, has to be calculated either by summing shell-by-shell or in a analytical way
through the Lloyd's formula; for a discussion of this problem I refer to [DWZD89] .

E[n] = Esp[n] + Edc[n] (2.25)
N

Esp [n] = Ei
(2 .26)

2

Edc,[n] = - j n(r)veffdr + f n(r)v(r)dr +
I(r)n(r1)

drdr' + E.,c[n] (2 .27)
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2 .5

	

Local Density Approximation

As anticipated in section (2 .3), in order to the treat a real system, we have to
supply an approximate form of the exchange-correlation potential, which contains
the complicated many-particle properties of the N-electron system. Already in their
1965's paper, Kohn-Sham [KS65] proposed what still nowadays is considered a good
approximation for

vxc,
the Local Density Approximation (LDA) . In the LDA, the

exchange-correlation functional is given by the formula

EXLDA [n] =

	

n(r)ex,(n(r))dr

	

(2.31)f
where ex,(n) denotes to the exchange-correlation energy of a uniform-electron gas
of density n being a simple function of n. The corresponding exchange-correlation
potential results to be

LDA BELDA(n) Sexc(n)
vx~

	

(r) =

	

8n(r)

	

-ex~ + n(r)

	

8n
I n(r)

The usual approach to ex, is to separate the two contributions, the exchange and
the correlation terms; the first one is the Dirac exchange-energy functional [PY89],
given by

3 g 1/3

ex (n(r)) = -4

	

~

	

n(r)1/3

	

(2.33)
(7r

and for the second a parametrization is used (e .g . . the one of Vosko, Wilk and
Nusair [VWN80] in the case of spin-polarized systems) fitted to Monte Carlo results
for the homogeneous electron gas (jellium) [CA80]) . At first glance, Eq. (2.31)
seems to provide good results just for slowly (in space) varying densities, while it
turned out that also for inhomogeneous systems (atoms, molecules, solids) the LDA
gives generally good ground states properties .

2.6

	

Spin Density Functional Theory

(2.32)

In order to study of the magnetic properties of materials, one is forced to formulate a
spin-polarized version of the DFT [vBH72] . The charge density n and magnetization
density m are defined as

n(r) = n+(r)+n-(r) ,

	

(2.34)

and m(r)

	

=

	

n+(r) - n- (r)

	

(2.35)
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where n+ (r) and n(r) are the density of electron with spin "up" and spin "down" .

In the Spin Density Functional Theory (SDFT) the second Hohenberg-Kohn

theorem can be rewritten as a functional simultaneously o£ the spin "up" and spin

"down" electron density as

E[n+(r), n (r)] ? E[nö (r), no (r)] = Eo

	

(2.36)

Since the presence of an external magnetic field W(r) introduces a one-electron term
into the energy functional, Eq. (2.10) becomes (in the case o£ collinear magnetism)

where we grouped together into v° (r) the nuclear potential and the magnetic inter-
action term. The charge and magnetization densities can then be obtained from the
spin polarized wave functions O('),

n+ = Y_' I0(+) (r)Iand
2

	

n- =T I

	

(-) (r)
I2

	

(2.40)

which are the solutions of the spin-resolved single particle equations

[02 + eff (r)]Y'ia)

	

(2.41)

Even in the case of zero external magnetic field W = 0, the above discussed SDFT is
of dramatic importance while it allows to "build" more physics by introducing spin-
dependent exchange-correlation functionals . Similarly to the DFT, a very simple
approximation was proposed, the Local Spin Density Approximation (LSDA); in
the LSDA the exchange-correlation energy is approximated by

Ex~[n+ ' n ] ^- E~ DA [n+, n^ ] = I n(r)e,,,(n+(r), n-(r))dr

	

(2 .42)

where e,,,(n+(r), n-(r)) is the exchange-correlation energy of a homogeneous spin
polarized electron gas .

E[n+, n-] = fn(r)v(r)dr - fW(r)m(r)dr +F[n+ , n-] (2.37)

where F[n+, n-] is then given by the following terms

F[n+ , n-1 = T9 [n+ , n`] + J[n] +E.,,[n+, n-] . (2.38)

The spin dependent effective potential is then defined as

vveff(r) SExc[n+(r), n- (r)]
= V" (r) + f n(r,) dr` -}- (2 .39)

jr - r1 l bna (r)



Chapter 3

The KKR Green's Function
method

As already discussed in the previous chapter, the ground state properties of a system
of N-interacting electrons are fully determined by the electron density that minimize
the energy functional (2 .10) . There are two kinds of approaches in order to calculate
the ground state density; either solving the single particle wavefunctions using Eq.
(2.22) and from this the density (2 .23) or by introducing Green's functions. In this
chapter I will describe one of the methods which use Green's functions to solve the
Schrödinger equation, the Korringa-Kohn-Rostoker (KKR) method [Kor47, KR54],
which is based on multiple scattering theory. After a brief introduction on Green's
functions (for a review on Green's functions theories I refer to [Eco79]), I will discuss
the problem of the scattering from a single Muffin-Tin potential and subsequently
move to a system of multiple scatterers . The description of the basic ideas to obtain
the screened version of the KKR, used to obtain the results presented in the present
work, will be postponed to the next chapter.

3.1

	

Green's functions and physical observables

Let us return to the Schrödinger equation associated to an Hamilton operator .H,
describing a single particle under the influence of a local potential V = V(r), which
for simplicity is in this chapter assumed to be spin-independent,

HO =(Ho +V)O=EO ,

where Ho is the Hamilton operator for the free-electron, i .e . V = 0, and 0 is
the electronic wave function . We can rearrange the terms in the above equation,
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obtaining

(Ho - E)o = -VV) ,

	

(3.2)

where the potential V appears as an inhomogeneity in the space . If the term Vo is
replaced by a Dirac's S perturbation, we can define the Green's function go of the
unperturbed Hamiltonian Ho (in the r-representation)

where the Hamiltonian of the free-particle system fto = -V2 has been written ex-
plicitly (in atomic units) . The Green's function 9o(r, r' ; E) describes the propagation
of a free particle which has been inserted at position r' into the system . From (3.2)
and (3.3), we can derive the Lippmann-Schwinger equation for the wave-functions

'b(r) ='Oo(r) + f go (r,r;E)V(r'),%(r')dr' ,	(3 .4)

where 0o is the solution o£ the free-particle Schr6dinger equation

which transforms to

(-v2 - E)GO(r, r' ; E) = -S(r - r') ,

	

(3.3)

-O2
'00 = E000

	

(3.5)

which satisfies the appropriate boundary condition for an incoming wave . Analo-
gously go (r, r' ; E) is the retarded or causal Green function obtained from go (E+ i-y)
in the limit of ,y -4 +0.

We can similarly, define the Green's function 9(r, r' ; E) in the presence of the
source [S(r - r') + Vg(r, r' ; E)) as the solution of

(Ho - E)g(r, r' ; E) _ -

	

[S(r - r') + V~(r, r' ; E)]

	

.

	

(3 .6)

source Q(r, r')

Inserting (3.3) in the above equation we obtain in operator notation

_60 16 = _Q

(j = G0Q

Inserting the explicit value of the source term Q(r, r'), we obtain in the r-representation
the linear inhomogeneous integral Lippmann-Schwinger equation for the Green's
functions

E) = go (r, r' ; E) + f go(r, r" ; E)V(r")g(r", r' ; E)dr" 1

	

(3.7)
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Other useful relations can be obtained from (3.7) ; if we write the Dyson equation in
operator notation as

where we define the T-matrix as

9(r, r' ; E) = lim
.y->o+

G = Go + GoVG

expanding iteratively the term G on the right side of the above equation we obtain,

G = Go + GoVGo +GoVGoVGo + . . .
1=

	

Go =Go + GOTGO

	

(3.9)
1- GoV

T = V

	

1

	

(3.l0)1-GoV
Eq. (3.7) expresses one of the main principle of the Green's function technique .

It states that for two system with Hamiltonians .Ho and Ho+V, it is always possible
to write a relation between the associated Green's functions, 9 and 90 , on condi
tion that the perturbation V is known. For instance, an atom where the electrons
move under the action of a potential V, can be considered as a perturbation to the
free-space . But, much more generally, we can consider whatsoever system as a "ref-
erence", and look at every other system as a "perturbation" to it ; for their Green's
function the relation (3.7) holds, on condition that we replace V with the more gen-
eral perturbation AV = V - Vo . This introduces a certain freedom in the choice of
the reference system . The choice will depend on the real system we intend to study ;
in the traditional KKR approach the surfaces are considered as perturbations to a
perfect crystal [Lan96], very similarly to how impurities, in bulk or at surfaces, have
been treated throughout the years [ZD79, BZLD84, PZD80] . However also fictitious
reference systems can be choosen. For instance, in the screened KKR-method we
introduce a system with strongly repulsive potentials, in order to obtain reference
Green's functions which decay exponentially.

Another important characteristic of the Green's function approach becomes ev-
ident as soon as we write explicitly the connection between the Green's function
and the wave functions, using the so-called spectral representation of the Green's
function,

~b«(r) ~b«* (r')

E+i"y-E«
'

(3.8)

where 0a(r) and Ea are the eigenfunctions and eigenvalues of Eq. (3.1), and the
infinitesimally small positive quantity y guarantees the causality of the Green's



24 CHAPTER 3. THE KKR GREEN'S FUNCTION METHOD

function . Physical observables like electron density n(r) and consequently magnetic

moments, can be easily derived from Eq. (3.11) . If we consider the diagonal el-

ements, i .e . r = r', of the Green's function in Eq. (3.11) we can rewrite them

as,

Using the Dirac's identity

9 (r, r ; E) = E 1' « (r) 1 lim
7~+o E + i

	

E«

mo x ± i-y - P (x) ~ i~~(x)

n(r) _

	

~' «(r) 12=_7r fEF Zmg(r, r ; E)dE
E« <EF

n(E) = -2Im

	

9(r, r; E) dr
ir f

f
~F -

	

r ~6 +

	

pEF

J- JEy

(3.12)

where 'P is the Cauchy's Principal Value, and considering only the imaginary part

of the equation, we obtain

(3 .13)

where the sum is over all occupied states E« up to the Fermi Energy EF . Similarly
from (3.11) integrating directly over the space coordinate r, we get the density of
states (DOS) at the energy E as

(3.14)

It is worth here to comment on how, in practice, the integral over the energies in
(3.13) will be carried out . Separating the integration over the core and the valence
states via a conveniently chosen energy Eb (where the letter b stays for bottom of
the valence band)

(3 .15)

we take advantage on the analyticity of the Green's functions !9 (r, r; z) in their
prolongation in the complex energy plane, i.e . z = E + id. In practical calculations
we will consider an energy contour starting at Eb below the valence band on the
real axis, that extends into the complex plane (typically following a semicircle or a
rectangle) and ending at the Fermi energy on the real axis .

As explained in [ZDD82, WLZD95] the introduction of a complex energy co-
incides with an additional weighting factor inside the integral of the form of a
Lorentzian with a FWHM equal to 26 centered around the real energy E. This
"smearing" results in a much less structured Green's function in the complex plane;
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in order to carry out the integral over a complex contour starting from EB and
ending at EF, very few points (typically around ^_, 30) are needed in comparison to
the number of real energy points required if the integration is carried out along the
real axis (even up to 1000) .

Another important point is that the Green's function reflects the symmetry of
the Hamiltonian .H. For instance, if the Hamiltonian is symmetric

FIT = H

	

and

	

.H(r, r') = ft(r', r) ,

which is always the case for a local potential V(r, r') = V(r)6(r - r'), also the
Green's function is symmetric

9(r, r' ; z) = G (r', r ; z)

	

,	(3 .l6)

On the other hand if the Hamiltonian, the potential V (r) respectively, is real we
obtain for the Green's function

G* (r, r' ; z) = G(r, r' ; z*)

	

.	(3 .l7)

Moreover in the systems which we will be interested in, additional symmetries are
present in the real space, like point symmetries, which take into account the invari-

ance of the system under point group rotations .

3 .2

	

Scattering from a single potential

In the previous section we learned how to construct the Green's function 0 associated

to a system with Hamiltonian of the type H = Ho+V . We didn't specify the form of

the potential V, but simply considered it as a perturbation to a "reference system"

with Hamiltonian Ho, which can be the free-space or more generally a system tuned

to fulfill some special requirements . In this section, I will describe the solution

of the Schr6dinger equation in the presence of a single spherically symmetric local

potential V = V(r), and in the next section the case of multiple scatteres, for

instance a crystal, will be discussed .
Let us considered the case of a Muffin-Tin potential defined as

V(r)=
I
00 , ifr<rMT
=0 , ifr>rMT

(3 .18)

where rMT is the Muffin-Tin radius, the meaning of which will be given in the next
section ; for the moment it is just a radius out of which the potential V (r) is zero .



26

	

CHAPTER 3. THE KKR GREEN'S FUNCTION METHOD

If we introduce spherical polar coordinates (9, 0, r), the radial Schrödinger equation

assumes the form

where Y,..(0, 0) = YL(r) are the spherical harmonics, and L stands for L - (l, m) .
For each E and l, two solutions exist for Eq. (3.19), the regular or physical solution,
behaving as rd for r -3 0, and the irregular solution, called in this way because it
diverges near the origin as T,+1 .

Let us suppose that the reference system is the free-space ; in this case the solution
of the unperturbed Schr6dinger equation can be described as a plane wave,

which can also be expanded into spherical harmonics,

0(r) = exp(ik - r) .	(3 .21)

exp(ik . r) = 47rE iljt (v, Er)YL (k)YL(r) .
L

(3.22)

where ji(ar) is the Bessel function, which is the regular solution of the free-particle
system. Inserting (3.22) in (3.11), we obtain for the free-particle Green's function,
after some straightforward calculations,

1 eaviElr r I
g

	

E)

	

=

	

41r

	

Ir- r, l

	

=EYL(r)gt(r, r' ; E)YL(r"') ,

with gt(r, r' ; E)

	

=

	

v/Ejl(VEr< ) hl(v/Er ~, ) .

	

(3 .23)

where r< := min{r, r'}, r> := max{r, r'}, and hl = nl - ijl is the Hankel function
and nl the Neumann function (irregular solution of the free-particle system).

The regular solution RL (r, E) = Rl (r, E)YL (r) of Eq.

	

(3.19) is given by the
Lippmann-Schwinger equation, which due to the spherical simemtry of the potential
V(r) reduces to

rMT
R, (r, E)

	

=

	

j, (-\/Er) +
fo

	

g

	

E)V(r')A(r', E)r'2dr' ,

	

(3.24)

which describes the scattering of the "free" incoming wave ji(ar) by the potential
V(r) . Let us consider first the solution outside the Muffin-Tin radius ; in this case

19
+

l(l
1) +V(r) - E]rF,(r, E) = 0 , (3 .19)

8r2 r
where we separated the radial and angular part of the wave functions as

O(r, E) = Fl(r, E)Y�, (0, 0) (3.20)



3.2 . SCATTERING FROM A SINGLE POTENTIAL

	

27

we have r > rMT and, looking at the integral over r' in (3.24), also the relation
0 < r' < rMT ; these two conditions mean that r< = r' and r> = r. The quantity
hl(,\/Er) can then be taken out from the integral over the variable r' . For r > rMT
the regular solution R,(r, E) becomes

R,(r, E) = jt(v/Er) + vEt l(E)hi (E) ,

	

(3 .25)

where we defined the scattering matrix (or simply t-matrix) ti (E) as

t i (E)
=

	

oTMT
r'2ja(-,/Er')V (r')R,(r', E)dr' .

	

(3.26)J
The t-matrix contains all the information of the scattering, and represents the

transition-operator between the free, incoming wave ji (-\,/Er) and the scattered wave

R, (r, E) in the presence of the potential V(r) . Since ji(-\/Er) - rl for r -+ 0, we

which represent the enhancement of the regular solution RI (r, E) over the free par-

ticle solution jt around the origin .
Similar to Eq. (3 .24), the Lippmann-Schwinger equation for the irregular solu-

tion HL (r, E) = Hl (r, E)YL (r) holds, i .e .

%'MT

H, (r, E)

	

=

	

ft, (r, E) +

	

g(r, r' ; E)V (r')H,(r', E)r2dr' .
0

(3.29)

Yet for the spherical irregular solution HL (r, E) another boundary condition holds;

outside the Muffin-Tin sphere the wave function it has to behave like an unperturbed

outgoing way, given by the Hankel function

H, (r, E) = hl(VEr),

	

r > rMT .

	

(3 .30)

We can then, by using the Lippmann-Schwinger equation (3.22), deduce an expres-

sion for the irregular solution HL(r, E), in the limit of r -4 0

rMT

	

1
HL (r, E) = hi (~E)r) [1 - VEf

	

r'j i (v/Er)V(r)Hj(r, E)dT
J

	

.

	

(3 .31)
0

obtain from eq. (3.24) and (3.23) in the limit of r -~ 0

R,(r,E) ^-_' il (V/Er)aI(E) , (3 .27)

where we have defined the a-factors as
rrMT

aI(E) = 1 +
v

Jo
r'2hi(VEr')V(r')Rl(r',E)dr' , (3 .28)
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Thus near the origin the behaviour of HI (r, E) is the same as the one of the Hankel

function, and diverges as T171 the relation between the two, is then given by

I
H,(r,E) , .,

	

al(E) ,

where the a-factors are the same as in (3.28) [MMZ87] . For the "perturbed" Green's

function, we can finally give an expansion over regular and irregular solutions similar

to the expansion for the free-particle Green's function (3 .23),

G(r, r' ; E)

	

=

	

EYL(r)G1 (r, r' ; E)YL(V )
L

with GI(r, r' ; E)

	

=

	

V_ER1(r< , E)H1(r> , E) .	(3 .33)

The regular and irregular solutions have to fulfill the Wronski-relation [Dri91],

[Hi(r ; E), R,(r ; E)] = (a,HI (r ; E))R, (r ; E) - (a,R,(r ; E))H1 (r ; E) =

	

1

	

.(3 .34)

3.3

	

Multiple scattering theory

The goal of this section is to explain how the in-
fluence of an arbitrary system of scatterers can
be calculated, taking into account the results ob-
tained in section 3 .2, for a single scattering po-
tential. For an example, in Fig. 3 .1 we show
a special case of multiple scatterers, namely a
crystal which consists of an ordered array of po-
tentials, where R'z are the lattice vectors.

We consider here an arbitrary arrangement
of non-overlapping muffin-tin potentials centered
at positions Rn,

V(r)

	

V' (Ir - R1 I),

	

if Ir - Rn J :!~ rMT
0, otherwise

(3 .35)

(3.32)

Figure 3 .1 : Example of multi-
ple scatteres : a crystal

The following considerations are also true for a constant potential in the interstitial
region, since the energy zero level can be adjusted in order to set as new energy zero
the value in the interstitial region .

Another possible approximation for the potentials (which is the one used in this
work) is the Atomic Sphere Approximation (ASA) ; it consists in choosing the radius,
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inside which the potential is spherical and 0 0, in such way that the volume of the
sphere associated to it is equal to the volume of the Wigner-Seitz cell ; this radius
is called Wigner-Seitz radius, and denoted by rws . The spheres are, in this way,
slightly overlapping ; this gives a better treatment of the interstitial region, which is
important for a correct treatment of surfaces or impurities in the bulk or at surfaces
[Lan96, NWZD98, MSN+98] .

If we move to a cell-centered coordinates system via the transformation

r

	

r+Rn ; r' -4 r'+Rn' ,

	

(3.36)

where Rn and R" are the coordinates of the atoms n and n', the Schrödinger
equation (3 .6), which defines the Green's function, becomes

(-02 + Vn (r) - E)G(r + Rn , r' + Rn, ; E) = -Snn'J(r - r') .

	

(3.37)

In constructing the solution of this equation, we first split off the solution for the

single potential Vn' in free space, being according to (3.33) given by

g
S (r + Rn, r' + Rn ; E) = an,n"~E HL (r> ; E)Ri (r< ; E) ,

	

(3 .38)
L

which takes into account the source condition in eq. (3.37) . Therefore the remaining

term is a solution of the homogeneous Schrödinger equation, i.e . without any source

term in total space, and therefore can be expanded in each cell n as a function of

r into regular solutions RL . Due to the symmetry of 9(r, r') = G (r', r), the same

can be done for the dependence on the variable r', so that we obtain the following

general result :

CJ'(r+Rn,r'+Rn' ;E) = Snn , Jgs (r+Rn,r'+Rn ;E)

+

	

RL(r; E)GLL~ (E)RL' (r' ; E) ,

	

(3.39)
LLI

The second, the back scattering term, contains all the multiple-scattering processes

acting on an electron under the influence of all the potentials Vn' (r) .

It is through the Eq. (3 .39) that we can appreciate one of the main characteristic

of the KKR approach . The information on the geometrical ordering of the atoms is

separated from the information on the single scattering process ; the Green's func

tion turns out to be a sum of a "single scattering" part and a "structural" part .

The expansion coefficients GLLI, that have still to be determined, are indeed called

structural Green's function matrices .
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In order to determine these structural matrices, the crystal with potential V(r),
as we saw in section 3.1, is then considered as perturbation to an appropriately

choosen reference system. If we indicate with 9 and go the correspondent Green's
functions, we can expand both systems as in (3.39) ; inserting these two expansions
into the Lippman-Schwinger equation (3.7), and replacing V with AV = (V - Vo),
we obtain after some algebraic operations, the following algebraic Dyson equation

GLL'

	

GO LL' +

with

	

Ati(E) = ti(E) - tö t(E) ,

which relates the structural Green's functions of the real and the reference systems.
In practice, in order to calculate the "perturbed" Green's function G, we will follow
these steps:

- At first, we have to calculate the t-matrix töl (E) and the structural Green's
functions GöLL, of the reference system.

- Secondly the "perturbed system" t-matrix ti (E), together with the regular
RL(r< ; E) and irregular HL(r~, ; E) solutions, have to be calculated .

- Using (3.40), the structural Green's function of the perturbed system GLL, can
then be calculated .

- Then we have to insert GLi, in the expansion on the regular solutions in (3.39)
and then add the single-site term G9 from the Eq. (3 .38) to obtain the full
Green's function 9 (r, r' ; E)

3.4

	

The full-potential approach

GOLL"Otir,l(E)GL�L, ,

	

(3.40)

It is worth now to spend a few words on the full potential treatment [DDZ92,
PZDS97, Set99], as opposed to ASA, of an array of crystal potentials . If we suppose
to take into account the full anisotropic Wigner-Seitz cell around each potential, we
can divide the space in non-overlapping space-filling volumes; due to this anisotropy
of both the potentials in each cell and the faceted form of the cells, the angular
momentum is not conserved anymore, and it is necessary include possible L --+ L'
transitions in the solution of the Schrödinger equation .
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The potentials, and consequently the regular and irregular solutions have then
to be expanded over the spherical harmonics; for instance for the potential it holds

V'(r) _ EVL(r)YL(r)

	

(3.41)
L

and for the regular solution Ri (r, E) the following expansion is valid

RL (r, E) _

	

RL'L (r, E)YL' (r)

	

(3.42)
L'

Here the L index denotes the angular momentum of the incoming spherical waves

and the L' index the angular momenta induced by the anisotropy of the potential .
Each of the Eq. (3 .24) and Eq. (3.29) becomes a system of coupled equation in

the angular momentum . They can be solved, introducing a Lippmann-Schwinger
equation between the spherical and non-spherical part of the solutions ; it is possible

to solve them with an iterative procedure by- a Born expansion series with respect
to the anisotropic part of the potential, as explained by Drittler [Dri91], where

it is usually sufficient to stop at the second order Born approximation to obtain
good results . The solution of the radial equation will be carried out modelling the

non-spherical parts of the cell by using the shape functions technique [SAZ90] .
The dependence over two different angular momentums L and L', appears also

in the t-matrix, i.e . V(E) = tLL,(E), while for the ASA case the t-matrix turned

out to be diagonal in L and L'. In the algebraic Dyson equation (3.40) the sum runs

then over two angular momentum indices, as

Gnn' -
GO

	

+

	

Gnn° Atn"

	

~,, Gn"n'
LL'

	

0 LL'

	

E

	

0 LL"

	

L"L"' (

	

)	Li"L'
n" L"Ll"

with

	

OtLLI (E) = tLL I (E) - tÖLL' (E)

(3.43)

This FP (Full-Potential) treatment obviously requires more computational effort,

for instance in the solution of the coupled radial equation, but doesn't increase the

efforts for solving the Dyson equation (3.43) . Therefore the additional effort for

the full potential treatment scales only linearly with the number of atoms. The

better treatment of the interstitial space between atoms, on the other hand, has

shown in the past to improve sensibly the treatment of hyperfine fields and electric

field gradients [Set99], and allowed to calculate forces and relaxations in the system

[PZDS97, Set99] .
To obtain most of the results presented in chapters 5, 6 and 7, the ASA ap-

proximation was used ; full-potential calculations were performed now and then to

test the validity of the ASA approach, especially for the Cd-probe atoms calculation

presented in chapter 5 .
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Chapter 4

Screened KKR method

In the electronic structure calculations the use of tight-binding methods with short-
ranged hopping parameters has many advantages . For instance most of our un-
derstanding on transition metals and other localized systems comes from a tight-
binding picture of localized orbitals with small overlap between nearest-neighboring
sites. Moreover tight-binding methods are from the numerical point of view very
favorable, since the short range of the coupling enormously simplifies the complex-
ity and the numerical effort of the calculations and permits to tackle problems, the
solution of which is otherwise not attainable .

Therefore many attempts have been made in order to combine the simplicity
of the tight-binding approaches with the accuracy and precision of the ab-initio

methods . One of the most successful attempt was performed by Andersen et al.

[AJ84, APJ86], presenting a tight-binding (TB) version of the Linear-Muffin-Tin-
Orbital (LMTO) method. In the context of the KKR method, localized tight-binding

parameters can be achieved by benefitting from the freedom left in choice of the

reference system [ZDÜ+95] . A first "screened" version of the KKR method has

been proposed by Andersen [APS92] and later simplified by L. Szunyogh et al.

[SÜWK94], but the procedure adopted to build the desired "screening" was rather
complicated and with an ad-hoc character.

In this chapter, I will discuss a recently introduced more efficient formulation
of "screened" KKR Green's Function (SKKR-GF) method. It is possible, by an

appropriate choice of the reference system, to introduce an exact transformation
which leads to exponentially decaying structure constants as a function of the dis-

tance IRn - R,,, I [Zel97, Wi197, WZD97] . The range of the Green's function is then
restricted to a limited region of space around each atomic site, and in some cases, in

particular for "2-dimensional" layered systems, it is possible to introduce a numeri-
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cal algorithm for the solution of the algebraic Dyson equation, which scales linearly

with the number N of non-equivalent atoms (where N, in the case of 2D systems,

is the number of layers in the system) .

In the case, as presented in chapter 6, of high-Miller-index surfaces (vicinal

surfaces), the spacing between layers is very much reduced in comparison with low-

index surfaces ; this implies that more atoms (layers) are needed in the calculation if

a thick slab of material has to be considered . Similarly for interfaces, the decreased

periodicity in the plane leads to a large number of atoms that have to be considered

in the self-consistence procedure . The "traditional" KKR approach , successfully
applied for the study of impurities in bulk [ZD79, PZD80, BAZD87, DWZD89]
or at surfaces [WSL+95, SHW+96, LSW+94, NWZ+98, MSN+98], or to the study
of surfaces and interfaces [WZD+98, ZLDD92, Lan96] cannot by applied for large
systems with many atoms since the numerical effort scales with the third power N'
of the number of non-equivalent atoms.

Several tests [Wil97, Ze197] have shown that the SKKR method is a precise and
reliable method for the study of the electronic and magnetic properties of large
systems, joining a easier and faster approach for the calculation of the structure
constants together with the preservation of the numerical precision typical of tradi-
tional KKR methods . At the end o£ this chapter I will present some additional tests
for the calculation of surface energies .

4.1

	

Problems of the traditional KKR method
The calculation of the perturbed Green's function of a crystal, as we saw in the pre-
vious chapter, consists in two different steps : the calculation of the regular RI (r ; E)
and irregular solutions HI(r ; E) of the radial Schr6dinger equation, together with
the t-matrices tl(E) , and the calculation of the structural Green's function G'LL, ,
which is related to the reference structural Green's functions G,n/ , by the DysonOLL
equation (3.43) . In the traditional KKR approach, the reference system is chosen to
be the free-space . This seems to be a good choice, since the free-space regular and
irregular radial solutions are known analytically (Bessel and Neumann functions) .
Thus the Green's function for free space is given by

!go(r+Rn,r'+Rn' ;E) =Snn,!9ös(r+Rn,r'-I-Rn ;E)

YL(r; E)9i(r; E)G0LL1(E)iv(r' ; E)YL#'; E)LLI

where Go, is the single site solution given by Eq. (3 .25)
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The structure constants for n ; n' can be calculated from the solution (3.23) by
means of the addition theorem [MMZ87] . One obtains

GO LL, (E) = 47 -VT_
L"

i1_1,+l"CLL1V,hl,r(`"'IRn - Rn'I)YL"(IRn - Rn~()

	

(4.2)

while the diagonal elements LOLL- vanish. Here the Gaunt's coefficients CLLIU are
defined as

CLLIL11 = f YL(r)YL#)YL#)dr

where the integral is over the solid angle dii . For the case of a finite perturbation
in real space, e.g . a cluster or molecule, the Dyson Eq. (3 .43) can be solved in the
real space by inverting the matrix 1- dot; in the case of an infinite bulk crystal one
can make use of the translation symmetry and solve the equation in the reciprocal
space. Thus we Fourier transform Eq. (3.43), which, by introducing the Fourier-
transformed structural Green's functions, the so called KKR structure constants,

L"Ll"

One problem in the choice of the free-space as the reference system lies on the
calculation of the KKR structure constants GO LLI (k; E) . Since the GöLL, (E) are
long-ranged and vary oscillatory with the distance IRn - Rn' I, the sum over n in
Eq. (4 .3) is poorly converging . In practical application this problem can only be
overcome by using Ewald's summation technique [Ebe, MJW71, Set96] which is
rather time consuming.

A second problem appears when we .try to solve Eq. (4.5) in the case of lay-
ered systems. For these "planar systems" only the 2-dimensional periodicity in the
"layer" plane can be conserved, while the periodicity perpendicular to this plane is
in general broken (see Sec. 4.4) . Therefore only a two-dimensional Fourier trans-
form can be carried out for atoms in the same plane, and "layer" indices will remain
explicit in Eq. (4.5) . The order of the determinant associated to the system, will
be proportional to the number N of layers in the system . In the same time the
long range interaction of the free-space leads to a long-ranged structural matrix GO;

GO LLI (k; E) = 57] exp[Zk(Rn - Rn')]GOLL1(E) (4.3)
n

GLL' (k; E) = Y exp[2k(Rn - Rn' )]GLL' (E) (4 .4)
n

transforms into the wave-vector dependent Dyson equation,

GLLI (k; E) = GO LLI (k; E) + E GO LL11(k ; E)tL"Llfl(E)GL1�L, (k ; E) (4.5)
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this means that the full-inversion of the determinant is the only possible algorithm,

resulting in a N 3-scaling behavior . In contrast to these unpleasant characteristics
for the free-space reference system, we will propose in the following section an alter-
native reference system, which allows a much easier calculation of the corresponding
structure constants and moreover allows for planar systems the use of N-scaling
algorithms for the solution of the Dyson equation .

4.2

	

The "screened" reference system

Before illustrating the particular choice of the reference system in order to transform
the traditional KKR method in a "screened" one, let us summarize the relations
that hold between the real system, the free space, and a new arbitrary reference
system . Working for simplicity in the operator notation, i.e . G = {G'' (E)},LLI
Go = {G0LL1(E)} and t = {tl(E)6nn1}, we can rewrite the algebraic Dyson equation
3 .43 as

operator T = {TLL,(E) I [MMZ87] defined as

where I stands for the identity-operator . We introduce now the scattering-path

T = (i-1 - Go)-1

	

(4.8)

Between the scattering-path operator T and the perturbed structural Green's func-
tion the following relation holds

or similarly

G = Go + G0TG0

G= t-1Tt-1 - t-1

G'r = Go + Gop6r

(4.9)

Let us now introduce a new reference system which from now on will be indexed
with the letter " ,r" . Between this new reference system and the free-space a Dyson
equation similar to the (4 .6) holds,

(4.10)

G = Go + Goid (4.6)
= Go + Goi(j o + Go iGoi6o +
= Go (I -1- i6o) (4.7)
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where G' = {GLLn (E)} and tr = {ti n(E)anrc~} are respectively the structure con-
stants and the t-matrix of the new reference system . The "perturbed" system can
be related to this new reference system by a similar equation ;

G=dr +GrAid

where Ot = t - e. Now a new scattering-path operator related to the perturbation

All the transformations presented above are exact : thus the solution of Eq. (4.6)
gives equivalent results to the solution of the two Dyson equations (4.10) and (4.11) .
The choice of the reference system becomes thus arbitrary, provided that its struc-
tural Greens' functions are known; if they are not known analytically, Eq. (4.10)
has then to be solved numerically.

It is time now to introduce the choice
of this reference system which can op-
timally "screen" the structure constants.
The basic idea is the following; the struc-
ture constants for the free-particles sys-
tem GöLL, (E), decay exponentially with
the distance IRn - Rn1 j for negative en-
ergy values, i.e . E < 0. The reason for
that can be traced back to the absence
of eigensolutions of the Schr6dinger equa-
tion which have negative energy eigenval-
ues. If we find a reference system, which
can be also unphysical, which has no solu-
tions in the energy range relevant for elec-
tronic structure calculations, we obtain the
desired "screening" . Normally the occupied
up to around 1Ry above the energy zero of the system ; it will be then sufficient to
"clean" the new reference system from eigensolutions up to this energy. Between all

v(r)

Figure 4.1 : Schematic representation in
2D of repulsive 4Ry-high muffin-tin po-
tentials

states of the Schrödinger equation exist

Ot can be introduced,

To = [(Di) _' - Gr] _' (4 .12)

which has to fulfill the following relations

G = Or + drTQG'r (4.13)
_ (ot~ -1T0 (Ot~ -1 - (Ot)-1 (4.14)
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GLL~' (E) -

	

0 LL'(E) +

matrix, where n and n' span all over the

	

1
space. Alternatively, as discussed in sec-
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the possible reference systems fulfilling this requirement, R. Zeller et al [ZDÜ+95]

considered a particularly simple one, i.e . an ordered array of repulsive spherical

potential wells V' (as sketched in Fig. 4.1 for the case of 4Ry high potentials) . The
reference potentials retain the same crystal structure of the real system we want to
study. The radius inside which the repulsive potential are constant and ,0 0, can
be the muffin-tin radius rMT or the Wigner-Seitz radius rws introduced in section
3.3 ; in the first case we call the potentials V' muffin-tin wells, while for the second
we denote them as ASA wells. Several tests have been carried out [Wi197, Zel] to
check the differences induced in real system calculations (for bulk Cu and the (001)
Cu surface) by the choice of MT wells as opposed to ASA wells ; the conclusion is
that the muffin-tin description of the repulsive potentials generally leads to better
results than the ASA description (probably due to the overlap between the ASA
repulsive potentials) . Consequently muffin-tin wells have been choosen as the ref-
erence system for all the results presented in this work. The structure constants
for this repulsive reference system are indeed screened and decay exponentially with
distance .

In order to answer the question, how fast these structure constants decay in real
space, we rewrite Eq. (4 .10,) with all indices:

nn Lrr
C-TOLLI(E') tl,n~~(E) GLnLn~(E)

	

(4.15)

In principle, the solution of the above equa-
tion involves the inversion of an infinite

tion 4.1, we can use the periodicity of the
system, and Fourier transform the Dyson
equation, thus solving it in the recipro-
cal space. If the structure constants decay
fast enough as a function of the distance
IRn - Rn' (, as sketched in Fig.

	

(4.3), we
" .. . ._ . %_ . %_ .~ %_,~can solve Eq. (4.15) taking into account

the back-scattering processes inside a small
finite cluster of atomic sites (called Tight-

	

Figure 4.2 :

	

Cluster of sites in real
Binding cluster) . We include here the re- space delimited by the cut-off radius
sults obtained by R. Zeller [ZDÜ+95], and R,
present in Fig. (4.2) a comparison between
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the structural Green's functions of the free-space and the one for the "screened" ref-
erence system ; the geometry choosen for the tests was an fcc lattice with lattice
constant of ao = 6.76 (which is the lattice structure used normally for a Cu bulk
calculation) . In order to show the decay in space of the quantities GLL' (E) and
GLL' (E), it's necessary to introduce partial norms, Nll,, defined as

Nil , (IR, - Rn'1 ;E)
_

	

J
E

J
(1+1')/2

	

IGimi-m,(E)12

	

z

(21 + 1)!!(21' + 1)!!
mm~

with (2l + 1)!! = (21 + 1)(21-1) . . . (3)(1) .

0

.r1
43
14

w

E = 0 .65 Ry

10 -1

10 -3

10 -5

10 -7 -I

Distance/Lattice constant

(4.16)

Figure 4.3 : Screened (left) and free-space (right) structure partial norms for the
structure constants in function of the distance I R'-R" I ; a cluster of 225 potentials
of 2Ry height has been used and the partial norms for l = 0, 1, 2,3 and 4 are shown
[ZDÜ+95], for the energy value E = 0.65Ry

From Fig.(4.3), the essentially exponential decay of the structure constants of the
system of repulsive muffin-tin potentials is evident, as well as the very slow decay of
the free-space structure constants. In the distance range in Fig. (4.2), the screened
structure constants decrease to about 10-5 of their nearest-neighbor values, while
the free space structure constants decrease, in the same energy range, by less than
a- factor of 10.

Additional tests [Wil97, Zah98] have shown that playing with the height of the
repulsive potentials, we can increase ulteriorly the energy window for which no
eigensolutions for the Schr6dinger equations associated with the repulsive potentials
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reference system are found. Repulsive potentials up to 8Ry have been used, and an

eigenvalue-free region of up to Ebot = 3Ry is obtained . Thus good screening can be

achieved not just for occupied, but also for unoccupied states provided that their

energy is not too high .
The screened structure constants can thus be neglected already after few shells .

Normally for e.g . Cu or Ni it is sufficient to consider the coupling up to the 2nd shell;
an exception is for instance Fe, where in order to describe the long range magnetic
interactions shells up to the 5th have to be considered in the TB-cluster. Some tests
on the importance of the size of the cluster used to calculate the screened structure
constants can be found in the Ph.D . thesis ofK. Wildberger [Wil97] and in the work
of R. Zeller [Ze197].

4.3

	

Dyson equation for the real system

We tackle now the problem of the solution of the Dyson equation (3 .43) which
connects the "perturbed" (or real system) structure constants with the one of the
reference system. For a periodic arrangement of perturbations, Eq. (3 .43), contrary
to Eq. (4.15), involves an infinite sum over n, where n is the atom index spanning
the whole space. To solve Eq. (3.43), as we have seen in section 4 .1, we exploit
the periodicity of the system and introduce Fourier transforms for the structure
constants; we obtain thus the Dyson equation (4.5) which has to be solved in the
reciprocal space.

The up-to-date version of the SKKR program is able to treat whatsoever 2-
or 3-dimensional periodic lattices . In the case of a bulk crystal (see Fig. (4.4a)),
the primitive cell which contains the basis atoms, is repeated in all 3 dimensions
by lattice vector translations . For simple crystal structures (Bravais lattices) like
fcc (face centered cubic), bcc (base centered cubic) or sc (simple cubic), the "basis"
contains only one atom. In the case of complex lattices, like for instance zinc-blende,
diamond or perovskite structures, the atom index is separated in a cell index and a
basis index; since in the Fourier transforms (4.3) and (4.4) the sums are only over
the cell periodicity, "basis" index will thus remain explicit in the Dyson equation
(4.5) (for the notation used in the case of complex lattices I refer to the work of A .
Settels [Set96]) . More generally a "supercell" containing a certain number of atoms
in the basis can be repeated in the 3 dimensions ; by this type of supercell geometry
we can simulate for instance ordered alloys or periodic multilayer systems. If the
cell is repeated only in two dimensions, as in Fig. (4.4b), the perturbation has to
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be be restricted to a slab of space embedded in the repulsive reference system . It
is also possible to simulate the presence of semi-infinite perturbations on the sides
of the slab, by the "Surface Green's Functions" [TDK+97] which will be calculated
with the help of the space decimation technique [SSR85] ; this space construction is
in the following refered to as half-space geometry .

a)

MX0ail 101
IfJ

b)

Figure 4.4 : Bulk geometry, Fig. a, and slab geometry, Fig . b

In practice the calculation of 2D or 3D periodic systems differ only in the set-up

of the Dyson equation (3.43) and in the calculation of the Coulomb term which

together with the exchange-correlation term has to be added to the potential in Eq.

(2.39) . The single-site part of the calculations, i.e . the calculation of the regular

and irregular solutions and of the t-matrices is, as we saw in the previous chapter,

independent on the geometrical arrangement of the scatterer potentials .

Since in the next two chapters I present results for "planar defects", I will discuss

in the next section the formalism adopted in order to solve Eq. (3 .43) for layered

systems . For bulk systems the formula are quite the same, except that everything

has to be read again in a 3 dimensional notation ; the layer-index becomes more

generally a basis-index while the wave-vector introduced by the Fourier transform

refers to the 3D instead of the 2D-Brillouin zone [Set96, Zah98] . Afterwards I

describe the half-space geometry approach ; for the description of the decimation

technique I remand to the Ph.D. thesis of K. Wildberger [Wi197] .
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4.4

	

Layered systems and N-scaling

In this section I present the formulation for layered systems, or "planar" defects,
used to simulate surfaces and interfaces . For slab calculations only the 2-Dimensional
periodicity in the surface plane is retained while the periodicity perpendicular to it
is broken. Moreover I limit the discussion to the case of a simple planar Bravais
lattice, where all the atoms in the same plane are equivalent, and the basis atom
index characterizes univocally the layers . For such a "planar" system the "screened"
KKR method represents a very efficient and N-scaling (where N is the number of
layers in the system) method for the solution of the Dyson equation (3.43)

In the case of a layered system (as
sketched in Fig. (4.5)) the lattice vector

	

i+1
R' which characterizes the atom n, is
separated in two vectors [Lan96], i.e .

R" = Ri + xv

	

(4.17)

	

i

where Ri characterize the i-th layer and
xv is the lattice vector of the two-
dimensional Bravais lattice of the i-th
layer; the atoms are in this way un-
ambigously defined by the new indices
n - (i, v) .

With the introduction of this nota-
tion, the Dyson equation reads

GLL , (g.l,,E)
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a layered system
Figure 4.5 : Schematic representation of

(xii,(E)

	

Grii,(E) +

	

(x''i ;,(E)otL;,L �,(E)Gi~� i,(E)

	

(4.l8)
i � e v� eL� eL�,

where the t-matrices, due to the invariance of the system with respect to translations
of a 2D lattice vector, are the same for all the atoms in the same plane. Because
of this 2D-translational invariance, the structure constants will depend only on the
differences between 2D lattice vectors xv - xv,,

Gri
ii,

	

r ii,
i,(E) = G ,--l (E)

	

anLL'
Therefore we evaluate 2D Fourier transf

GLL, (glI,E) _

	

e
v,

d Gi ,, (E) = Gv`--y ,(E) . (4.19)
LL'

rms of the structure constants
-iqjj-(X,,-xv,)G =ill(E)

(4.20)LL'

-iqj (xv-xv , )(xrLi~ (E) (4.21)
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where q1I is a wave-vector in the 2D Brillouin Zone (2BZ). This leads to the following
relation

which resembles the form of the Dyson equation of a linear chain of atoms. When the
Green's functions GLL, (qll , E) are known, we have to back-transform GLL~ (qll, E) in
order to obtain Gi , (E) ; this means that we obtain an integral over the 2D-Brillouin
zone

C-TLL, (qlI, E) = G' ', (q j I, E) +

	

GLL11 (qlI, E)OtLnLn, (E)Gi' irLl (q, I , E)

	

(4.22)
VILrrLrn

1
GL L' (E)

=
A2BZ fA dglleZ

qj (x ,,-xv, GzL, (gII,E) (4.23)

where AaBZ is the area of the 2D Brillouin Zone . In practice we will solve the
Dyson equation (4.22) only for qll vectors spanning the irreducible wedge of the 2D
Brillouin zone (2IBZ) . The choice of the set of qll vector in the 2IBZ is achieved by
"special point" methods [Cun74, MP76, Mac78] . If we indicate with Dj the set of
symmetry operation which are valid for the surface geometry under consideration,
we obtain the "perturbed" Green's function for a general qll vector in the whole BZ
by the application of the corresponding symmetry operation {Dj } as

GLL~ (D7gII,E) -_
e (D'-E)gii -(R`-R`~) ~ DLL,rGLrr Lrr 1 (gII,E)DL�,L ,

	

(4.24)

where qll E 2IBZ, E is the identity operation and DLL, are the components of Dj
in the angular momentum expansion

DLLI - f drYL(r)YL, (Dr)

	

(4.25)

For a more in-depth presentation of the symmetry operations which appear in
the case of "planar" defects, I refer to the Ph.D thesis of P. Lang [Lan96] .

In the following, I will show that we can solve the Dyson equation (4.22) by
an algorithm showing N-scaling behaviour as a function of the number of layers N
in the system . As discussed at the beginning of this session, in order to simulate a

"planar" defect the system is approached by setting up a slab geometry in which the

perturbation perpendicular to the surface plane is restricted to a slab of material,

composed of a finite number of layers . In Fig. (4.6) an example of such a slab

geomety is sketched for the case of unsupported thin film, in which 4 layers of

materials are sandwiched between 2 vacuum layers on each side, everything being

embedded into semi-infinite half spaces of repulsive potentials .
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As we have seen in section 4.2, the ex-
ponential decay of the reference structure
constants allows us to solve Eq. (4.15)
only inside a finite (and small, usually some
tens of atoms) cluster of atomic sites. As
sketched in Fig. (4.6), the cluster spans
therefore over very few layers ; this means
that only layers relatively close to each
other will be coupled and the reference
structure constants GLL, (qII , E) will be dif-
ferent from zero only for elements close to
the diagonal (e.g . Ji-i'l < 2 for a-19 atoms
cluster and a fcc (001) plane) . This kind
of matrices for which only a few diagonal
line adjacent to the main diagonal contain
elements different from zero are called "band diagonal matrices" [PTVF86] .

If we now rewrite the Dyson equation (4.22), as in Eq. (4.14), in terms of the
scattering path operator TALL' we obtain,

with TA given by

CHAPTER 4. SCREENED KKR METHOD

TALLI -M-1
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Figure 4.6 : Example of slab geometry ;
the full lines are the substrate layers
and the dashed line are vacuum layers
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(4 .26)

(4.27)

Since in the evaluation of the charge density we are interested only in the on-site
elements (n = n') of the Green's function defined in (3 .39), we have to solve Eq.
(4 .26) only for the diagonal elements i = i' . This means that only the diagonal
elements of the scattering-path operator TA have to be calculated, i.e . only the
diagonal elements of the inverse of the matrix M defined in (4.27) . The matrix M is
the sum of a diagonal matrix (At-1) and a band diagonal matrix 6", and therefore
it also shows a band diagonal form .

We introduce now the concept of "Principal Layer" (PL) ; the principal layer
contains a number of adjacent layers Np which we have to group together in order
to fulfill the following requirements ;

- The matrix M has to be divisible by Np, i.e . Np * n = N with n an integer
number.
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- The matrix M has to be tridiagonal in the PL indices Pi = 1, 2, . ., n, or
equivalently each principal layer couples only with its nearest-neighbors , i .e .
MPl,p2 = 0 if JPl - P21 > 1

Efficient algorithms [God91, HM97, PTVF86] exist for the inversion of a tridi-
agonal matrix ; moreover the computational effort for the calculation of only the
diagonal elements scales, for such tridiagonal matrices, linearly with the number of
layers N in the system (O(N)-scaling) . Since most of the computational effort for
the calculation of the charge density goes into the solution of the Dyson Equation
(4.26), the whole calculation will retain the 0(N)-scaling behavior .

In Appendix A I will present the algorithm for the calculation of the diagonal
and off-diagonal elements of the inverse matrix of M, in case of the slab geometry ;
the details for the diagonal elements calculation can be also found in [Wil97] . I
remand for the similar derivation in case of supercell geometry to the work of P .
Zahn [Zah98] . The offdiagonal element of M- ', In case of impurity calculation,
the Green's function Gnn' for a cluster of atoms C provides the information of the
unperturbed host in which the impurity is embedded. In this case, all the elements
Gü' with i, i' E C have to be calculated .

4.5

	

The half-space geometry : surface Green's

functions

In the previous section we have seen how, by using the slab geometry, we can simulate
a planar system (e.g . a surface) . The same kind of systems can be simulated by
a supercell calculation, repeating the slab also in the 3rd dimension; the system is
periodic in all 3 dimensions and the Dyson equation for the perturbed system will be
solved for all the k-vectors in the 3D Brillouin Zone . This is the same geometry used
in slab calculations e.g . by the Full Potential Linearized Augmented-Plane-Wave
(FLAPW) method [JMA78, KPF79] . In some cases the use of a supercell geometry
is preferable to the use of the slab geometry, since the system behaves more stable
during the self-consistency iterations ; in the case of high-Miller surfaces, for instance,
the convergence of ferromagnetic surfaces (like Fe(221)) presented serious difficulty
by using the slab code, while convergence as achieved rather easily by using the
supercell geometry. Unfortunatly both slab and supercell geometries are not able
to simulate real semi-infinite geometries ; a finite slab always shows Quantum Well
States (QWS), due to the finite size of the substrates involved in the calculations .
In the case of ferromagnetic materials, this finite size effects are very pronounced ; as
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in the case of the Fe/Co interface presented in the next chapter, in these cases the
slab geometry is not suited since the presence of vacuum layers introduces a strong
perturbation in the system .

With the traditional KKR program, the description of half-infinite planar sys-
tems have been achieved by a simple trick [Lan96] . Considering the bulk crystal as
the unperturbed system, two half-crystals can be created by removing some mono
layers in the crystal, or equivalently by perturbing it with some vacuum layers . The
decoupling of the two surfaces by the work function barrier is achieved already by
few vacuum layers (4 or 5), due to the exponential decay of the states with energy
below EF. Replacing the vacuum layers with some material, the calculation of the
electronic properties of an arbitrary arrangement of layers can be achieved . This
approach, however has the following limitations :

" The two half-spaces have to be the same, since they are obtained from the
same host crystal.

" The spacing between the layers is also determined by the host crystal; the
system is thus not allowed to relax, and the layers are fixed in their "ideal"
positions .

In the following I will describe how, by the introduction of the "Surface Green's func-
tion", we can evaluate the perturbation on a slab introduced into two semi-infinite
half-crystals, using the "screened" description of the method presented earlier. This
half-space geometry will remove both the limitations connected to the traditional
half-crystal technique . The two half-spaces can be different since they will be cal-
culated separately from each other; moreover the structure constants are calculated
locally for each atoms, and the interlayer distances can be different.

Let us divide the space in three regions; an Interface region, which describes the
genuine slab including the perturbed layers at the two-half-spaces and the two semi-infinite systems on both sides of the Interface . The half-spaces we denote (followingthe notation presented by K. Wildberger [Wi197]), as Left (L) and Right (R) half-spaces . The index P, spanning the infinite matrix M defined in Eq. (4.27), is theprincipal layer index, introduced in the previous section . Since the coupling betweenprincipal layers is restricted to nearest-neighbour, and since the number of principallayer in the interface region is n > 1 the two half-spaces (L and R) are not coupleddirectly, i.e . ML,R - MR,L - 0.

In the case of a slab calculation, the scattering-path operator is only the inverse ofthe Mr,7 matrix; for an infinite system, instead, it is given by the interface elements
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Figure 4.7 : a) Schematic representation of the space, I is the Interface region, L and
R are respectively the Left and Right half-spaces; b) The block form of the matrix
M.

of the inverse of the infinite matrix M, i.e . 7-,,, = (M-1 ) I,,,, given by the equation

Since we are interested only in the operator ThI , we consider only the multiplication
of M with the middle column of T and impose the equivalence with the middle
column of the identity operator I; we thus obtain

The matrix M is tridiagonal with respect to the new principal layer indices; this
implies (as sketched in the zoomed region in Fig. (4 .7) b) that the Left (or Right)
half-space and the Interface couple only through the corner blocks M0,1 andM1,0 (or

Mn,n+1 and Mn+l,n) . In the products in Eq. (4.30), all the elements will vanish exept
two, i.e . MI,LII,p[(ML,L) -11O,OML,II U,1 and MI,RIn,n-I-1[(MR,R) -lln-I-1,n+1MR,Iln-I-l,n "

ML,L TL,I + ML,I TI,I = 0

MI,L TL,I + MI,I TI,I + MI,R TR,I = 1 (4 .29)

MR,I ~'I,I + NjR,R 7"R,I = O

which solved in respect of TI,I reads

7- 1,1 = L.M .I,I -- Mr,L(ML,L) -1ML,I MI,R(MR,R)-iMR,I1 -1 (4.30)

ML,L ML,I O TL,L TL,I TL,R

MI,L MI,I MI,R TI,L TI,I 7'1,R = I (4.28)
O MR,I MR,R TR,L TR,I TR,R
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Writing the explicit dependencies of the scattering-path operator 7, Eq. (4.30)

reads,

[(Tr,j(gll ;E))-i 1 pq - [(Atp)-1(E) - Göo(gll ; E)]Sp,q_

	

_

-Göi(gll ; E)Sp,q-1 - Gio(gll ; E)Sp,q+i _

-Gio(qll ;E)[(ML,L)-1]o,0Göi(gjj ;E)ap,ibq,i
_

-Göi(gjj ; E)[(MR,R)-1]n+i,n+iGlo(gll ; E)Sp,n bq,n (4.31)

The first three terms in the right side of the above equation are the diagonal and up-

per and lower diagonal elements of the matrixMI,I . In the case of a slab calculation,

where the perturbation is limited to the interface region I, M is composed only of

these first three terms. The other two terms represent the influence on the interface

region due to the presence of the two half-spaces; the matrix elements [(ML,L)-1]o,0
and [(MR,R)-i]n+i,,,+i are in the literatur known as "Surface Green's functions" . In
order to calculate them we have to invert the semi-infinite matrices ML,L and MR,R;

this is achieved by the use of decimation technique; for a detalied explanation of the
decimation technique I remand to the Ph.D. thesis of K. Wildberger [Wil97] . From
the discussion presented so far it is evident that the left and right half-spaces are
treated separately ; this allow us to impose on the system two different half-crystals.
Due to this, for instance, a real surface could be simulated replacing one of the two
half-crystal by a semi-infinite vacuum space. If on the other hand the two half-spaces
are choosen to be equal, we need to calculate only one of the two surface Green's
functions, and derive the other exploiting the symmetry properties which hold for
the matrix M; for layered systems this symmetries have been discussed by P. Lang
[Lan96] . We will, in the case of two equivalent half-crystals, proceed as follows ;

" At first we have to calculate the t-matrices of the bulk materials, i .e . tbulki
which we want to place on the two sides of the interface region .

" The replacement of the reference system with the two half-crystals is achieved
inserting the perturbation Otbulk = tbulk - t'' in all the diagonal elements of
the semi-infinite matrices ML ,L and MR,R .

" We calculate then, by using decimation techniques, the surface Green's func-
tions given by the elements [(ML,L)-1]o,o and [(MR,R)_1]n+1,n+i-

" We insert them in Eq. (4.31) and then invert the matrix M. This step is
performed using the same O(N) algorithm used in the case of a slab calculation
(see Appendix A), since the matrix M retains its tridiagonal form.
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The presence of a bulk crystal on the sides of the slab will introduce some con-
ceptual difference in the solution of the self-consistency procedure. In first place,
for the half-space geometry the Fermi energy will be fixed by the bulk crystal, in
contrast to a slab geometry or supercell geometry where the Fermi energy is allowed
to adjust in order to enforce charge neutrality in the slab . To achieve charge neu-
trality in the interface region we have therefore to adopt a different approach . If we
indicate with Q the charge in excess in the slab in the i - th iteration, the Coulomb
term which has to be added in order to construct the new potential that will enter
in the next iteration, will be calculated for a system composed of the slab and of two
additional layers ("ghost" layers) in which we place two equal charges q = -Q . This
"ghost" layers are usually placed on the sides of the slab, and at distances equal to
the interlayer distance between first-neighbours layers . This approach turned out to
be very effective, and good charge neutrality are achieved after self-consistency.

Moreover the principal layer, in the case of half-space geometry, has to fulfill an
additional requirement . Since the matrices ML,L and MR,R of the half-spaces will
be constructed by basically repeating the three blocks Go,, G10 and [(Atbulk) -1 -

Goo ] along the three diagonal, it is of fundamental importance that they reproduce
the correct periodicity of the system. In the case, for instance, of layered system
with a planar unit cell, the stacking of the atoms in the cell will, through the
Fourier transform given by Eq. (4.21), enter in the calculation of the wave-vector
dependent reference structure constants GL' LI (qll , E) where i is the layer index. Let
us suppose, for example, that the planar unit cell is composed of 2 different atoms;
the elements of the first upper diagonal GLLi+1) will have an ABAB . . . stacking,
where the element A and B appear respectively when two atoms in the plane or
in different planes are coupled. The size of the principle layer has then to take
into account this "stacking", since the reference system in the two half-spaces will

be constructed by repeating these elements all over the space . In other words all

the periodicity has to be contained in the blocks characterized by the principal
layer index. If we indicate with Np the number of layers in each PL and with ns

the number of different elements defining the stacking in the reference structure
constants, this means that Np has to be a multiple of ns .

4.6

	

Surface energies

The surface energy is one of the most fundamental electronic property of a metallic
surface ; its determination is of great importance in the undertanding of a wide range
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of surface phenomena like faceting, roughening and crystal growth . In the last two
decades much effort has been made to develop ab-initio methods suited for the
evaluation of the physical properties of surfaces. They basically use slab, as the Full
potential-Linearized Augmented Plane Waves (FLAPW) method [BPD89, H1398], or
supercell geometries like the Full Potential LMTO method [MHS92] or deal directly
with the electronic states in a semi-infinite crystal like the LMTO-Green's functions
method developed by Skriver et al. [SR91, SR92] . By means of this last method, it
was possible to present the first systematic calculations of surface energies [SR92,
VRSK98], and very recently of step and kinks energies [VSK99] .

Several tests performed with the "screened" KKR program [Wil97] in the slab
geometry have shown that total energies of bulk systems could be achieved with
good accuracy. The total energy of an atom sitting in the middle layer of Cu and Fe
(001) slabs compares very well with the bulk values obtained by traditional KKR
band-structure codes; similar agreement is found for a semi-infinite bulk calculation.
In both case differences of the order of 1 mRy are expected since the results were
obtained by different Brillouin Zone integrations, 3-dimensional for the traditional
band-structure code and 2-dimensional for the SKKR code in the slab and half-space
geometry.

Table 4.1 : Cu bulk total energy ; comparison between the "traditional" band-
structure method and the SKKR method. The s, p, d and f charges are alsolisted .

In table (4.1) I present similar tests, but for a Cu crystal calculated with theSKKR program in the bulk geometry . For all the results in this section a Cu latticeconstant of 6 .83a.u . (atomic units) has been used, and angular momenta up to
lmax = 3 have been included in the expansion of the wave functions . As is evidentfrom table (4.1), when we increase the size of the TB cluster inside which we calculatethe "screened" structure constant from 19 to 79 repulsive potentials, the agreement

Cu bulk Total energy
s p d f(in Ry)

Tight Binding
(19 TB cluster) -3275.918671 0.67814 0.71505 9.54535 0 .06145
Tight Binding
(79 TB cluster) -3275.917978 0.67693 0 .71415 9.54726 0 .06165

Band Structure -3275 .917983 0.67698 0 71421 IT554711 -0.06-1676
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between the two calculations improves sensibly. This is fully consistent with the idea
that if the size of the TB cluster would be taken infinitely big, no approximation
would be introduced, because of the exactness of the "screening" transformation .
For simplicity for both bulk and surface calculations the small TB-cluster of 19
atoms will be used; the accuracy on the calculated total energies will be thus of
the order of 1 mRy. Moreover since both slab and semi-infinite systems presented
always, reached self-consistency, very good charge neutrality (of the order of 10-4
or even better), we didn't include the correction to the single-particle energies by
Lloyd's formula as it is usually done for impurities calculations [DWZD89] .

In the following, I present test calculations for the surface energy of the three
low-index fcc Cu surfaces, i .e . (001), (110) and (111) by means of both slab and
half-space geometries. For the (001) plane the dependence of the surface energy
on the size of the "surface" region will be explicitly discussed. Afterwards I will
compare the present results with existent surface energy calculations performed by
means of the LMTO-GF method [VRSK98].

slab

	

half-space

geometry

	

geometry
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Figure 4.8 : Slab and half-space geometry ; Nc�, is the number of layers considered
to simulate the "surface" regions.

The surface energy is defined as the surface excess free energy per unit area of
a particular crystal facet, or equivalently as one half of the energy needed to cut
an infinite crystal along one plane into two separated semi-infinite pieces . We can
thus calculate the surface energy as follows. If we indicate with Ncu, see Fig. (4.8),

yr Cu bulk
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the number of Cu layers in the "surface" region which enter in the self-consistency

process, the surface energy ES is given by

bulk
Es = 2(ETot - NcuECu )

where ETot is the sum of the total energies of all the atoms (Cu and Vacuum atoms)

in the cell , and ECük is the total energy of bulk Cu. This "reference" bulk total

energy is somehow arbitrary, but it turns out that it has to be choosen carefully in

order to have consistent results for the two different geometries . For the half-space
geometry ECük is the total energy of the bulk Cu imposed from the two half-spaces at

the boundaries of the interface region ; it will be thus the same for all the calculations
performed in the half-space geometry . In the case of slab calculations, ECük is the
total energy of "more bulk like" Cu atom sitting in the middle layer of the Cu
substrate, and it will be different for each slab calculations, i.e . different Ncu and
surface orientation.

(4 .32)

Table 4.2 : Comparison between the Cu (001) surface energies calculated by slab and
half-space geometries .

In table (4.2) I present the comparison beween the total energies of the fcc (001)
Cu surface calculated by slab and half-space geometries as a function of the number
of Cu layers NCu . In the half-space geometry the surface energy is converged up to
some meV already with rather few Cu layers, i.e . Ncu = 8 . For the slab geometry,
because of finite-size effects present in the Cu substrate, more layers are required
to achieve the same accuracy, i .e . Ncu = 12 - 14. The correct choice of ECük, as
described above, is of fundamental importance to get consistent results between the
two geometries ; if the EClk used in the half-space geometry is used as the reference
bulk energy also for all slab calculations, we observe systematic differences o£ the
order of tens of meV in the surface energies . The results in table (4 .2) suggest

Cu (001) surface energies (in eV/atom)

NCu Half-space Slab
6 0 .924 1.032
8 0.934 0 .899
10 0 .935 0.940
12 0.933 0 .932
14 0.933 0 .931
16 0.932 0.937
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that accurate surface energies can be obtained with both methods. The half-space
geometry shows a faster and more stable convergence behaviour. However also the
slab geometry allows an accurate calculation of the surface energy, on condition that
we consider the number of layers in the substrate high enough to reach a good bulk
total energy in the middle of the substrate itself .

Table 4.3 : Surface energies for the low-index Cu surfaces ; for each plane the area

of the irreducible part of the 2D Brillouin zone A2IBZ, the number of qjj points for
the contour energies, and the number NC,, of Cu layers in the surface region are

provided . In the last column I include the surface energies obtained by L. Vitos et

al . [VRSK98].

With this condition in mind, we can thus set up the systems used to calculate

the surface energies for the three low-index Cu surfaces . In table (4.3), these sur-

face energies are listed together with the parameters used in the calculations . The

number of Cu layers Ncu and q1I points considered in the calculations vary for the

three orientations, because of the different interlayer spacings and the different area

of the irreducible part of the 2D Brillouin Zones. In the last colum I include the

results obtained by L. Vitos et al. by means of the LMTO-Green's function method

[VRSK98] . The SKKR surfaces energies follow the correct trend and can be quan-

titatively compared with the LMTO results ; the small differences (of the order of

tens of meV) have to be expected since the calculations were performed for different

lattice constants, i.e . the GGA value alatt - 6.92 a.u . for the LMTO results and the

LDA value alatt
= 6.83 a.u. in the present work. If we express the surface energy in

eV/atom, as it is done in tables (4.2) and (4.3), the trend for the surface energies as

a function of the roughness of the surface plane can be qualitatively understood in

terms of the broken bonds model ; this model states that the main contribution to

the surface energies comes from the broken bonds at the semi-infinite surface. The

number of these broken bonds Nb increase when the surface becomes more open

(more rough), i.e . Nb = 3 for fcc (111), Nb = 4 for fcc (001) and Nb = 5 for fcc

A2IBZ N. of q1I points NC,, Surface energy (in eV/atom)
[(E)2] Half-space Slab LMTO

Cu (001) 1 .2 55 14 0 .933 0.931 0.906

Cu (110) 4 - v~_2 100 18 1 .378 1 .381 1.323

Cu (111) i2 ~ 40 12 0.714 0.708 0.707
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(110) . The same trend can be observed for the surface energies, proving the qualita-
tive validity of this model. For instance, by taken the calculative value of 0.93 eV for
the Cu(001) surface, one would expect from the model the value 4 - 0 .93 = 0.70 eV
for the (111) and 4 0.93 = 1.17eV for the (110) surface which is in reasonable agree-
ment with the above results . (For this model it is important to give the surface
energy in units of energy per atom, and not energy per area) .

Finally, I have to remark that for all the results presented in table (4.3) the
layers are fixed in their "ideal" position, i.e . inter-layers relaxations are neglected .
Relaxations at metal surfaces can show a very different behaviour from metal to
metal, even if general features can be found like the inward relaxation for the top
layer which is common to almost all the studied metal surfaces [JMJ86] (exceptions
are, for instance, the outward relaxations found for Pd(001) and Rh(001) [MHS92]) .
These relaxations, which were found to increase with the roughness of the surface
plane, are believed to influence the surface energy normally only to a few per cent .



Chapter 5

Fe/Co interfaces and dilute alloys

The study of the hyperfine interactions in solids recieved considerable attention in
the last decades both from the experiment and theory, since they provide unique mi-
croscopic information about the structural as well as magnetic properties of surfaces,
interfaces and dilute alloys [Kra83, Sch88, RDF+97, BAZD87, AAB+90] . They arise
from the interaction between a nuclear moment, which can be the magnetic dipole or
the electric quadrupole moment, and the electromagnetic field due to the electrons,
and lead to an energy splitting of the nuclear levels .

There are two main types of experimental techniques able to measure the hy-
perfine interactions . The first one makes use of the resonance effect and works in
the "energy domain" measuring directly the energy splittings induced by the hy
perfine interactions, like M6ssbauer effect and Nuclear Magnetic Resonance (NMR)

experiments. The second type works in the "time domain" measuring the preces-
sion frequency of the nuclear spins related to the energy splittings of the -Y radiation

emitted by the radioactive nuclea, like Perturbed Angular Correlation (PAC) spec-

troscopy.
Since the informations which are supplied by these experiments are often very

difficult to interpret and far from transparent, reliable theoretical calculations are

very much needed in order to provide a theoretical basis for the understanding
of the experimental findings . Ab initio calculations have shown in the past to be

well suited for this scope, and have succeeded to reproduce, and explain, quali-

tatively and often also quantitatively experiments on dilute ferromagnetic alloys

[BAZD87, AAB+90, KSP+00, MSN+98], hcp metals [BSD88] and defects in semi-

conductors [Set96, Set99] . In this chapter we are interested in the hyperfine inter-

actions arising between the magnetic nuclear dipole moment and the magnetic field

due to the electrons, i.e . the so called hyperfine fields . The hyperfine fields (hff) are
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a fingerprint of the magnetic environment in which the nucleus of the probe atom

under consideration is embedded.

A new burst for the experimental point of view has been given when by means
of Molecular Beam Epitaxy (MBE) it was succeded to stabilize Co in the exotic bcc
structure grown on (110) GaAs [Pri85], while in nature it retains the hcp structure up
to T = 425°K before becoming fcc and subsequently melting. Due to this discover
many experimental studies on FeCo alloys and Fe/Co multilayers were performed
in order to characterize the magnetic properties of this new phase of Co.

This chapter, that will deal mainly with the study of such Fe-Co systems, will
be divided in two parts. The first part was motivated by a recent Time Differential
Perturbed Angular Correlation (TDPAC) spectroscopic study proposed by Swinnen
et al . [SMD+97], which studied the hyperfine fields induced on Cd probe atoms at the
bcc Fe/Co (110) interface; by using the Stearns' model the magnetic moment profile
at the Fe/Co interface is deduced from the measured hyperfine fields . I will compare
the magnetic moment profile at the (001) and (110) bcc Fe/Co interface calculated by
means of the SKKR program and will also perform calculations for Cd impurities at
the (110) Fe/Co interface in order to compare directly with the measured hyperfine
fields . The second part of the chapter is devoted to the understanding of the origin of
the hyperfine fields in the Fe/Co systems ; the hyperfine fields at the Fe/Co interface
and for Fe/Co alloys is discussed and compared with the findings of M6ssbauer and
NMR experiments. Common features as well strong disagreements with experiments
are found.

5 .1

	

Hyperfine fields

Before presenting the physical system under interest let us give a brief descrip-
tion of the quantity which will be mainly discussed in the next sessions, i.e . the
hyperfine field (hff) . The hyperfine field arises from the interaction between the
magnetic dipole moment and the magnetic field induced by the electrons at the
nuclear position . The main contributions to the hyperfine field, as obtained by the
non-relativistic Schr6dinger theory, is the so called Fermi contact term [Fer30] givenby the expression

Hhf =
87r
3m(0)
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where m(0) is the value of the magnetization density m(r) at the nuclear position,
i .e . r = 0, given by

m(0) = fEF
[nt(0, E) - nf(0, E)]dE

	

(5.2)

and nU(0, E) is the local density of states for spin-up (down) electrons at this posi-
tion . Only the s orbitals, which have a non-vanishing density of states at the nuclear
position, contribute to the contact term in Eq. (5.1) . Since the hff is driven by the
behaviour of the wave functions close to the nucleus, relativistic effects are very
important already for elements with small nuclear charge. The correct relativistic
expression for the hyperfine field has been originally derived by Breit [Bre30], and
more recently rederived by Bliigel et al. [BAZD87] ; starting from the Dirac equa-
tion, the original expression can be uniquely splitted in three parts which are the
relativistic generalizations of the contact, dipolar and orbital contributions to the
hyperfine field . The results for the hyperfine fields presented in the following sec-
tions, unless explicitly stated, are derived in the Scalar Relativistic Approximation
(SRA) . Since spin-orbit coupling is neglected in this approximation, the orbital term
vanishes ; moreover dipolar terms are usually small and they vanish in case of cubic
symmetry in the system . In the SRA we are thus left again mainly with the contact
term, or more precisely with the relativistic expression of it, given by the Breit's
formula

"Breit = 87r mr
hf 3
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(5 .3)

where, comparing to the non relativistic limit, the effective magnetization density
m,. near the nucleus is obtained as an average over a small region around the nucleus
whose diameter is the Thomson radius rT = m~2

There are two main contributions to this contact term; they arise from the
intraatomic spin polarization of the s orbitals induced by the d orbitals in the same
site and the interatomic polarization induced by the d orbitals of the neighbouring
site ; the first process acts on both core and valence s orbitals, while the second
term influences only the valence s orbitals, which have sufficient spatial extent . It

was shown in the literature by means of impurity calculations in Fe and Ni hosts

[AAB+90, BAZD87] that the core contribution is mainly proportional to the total

magnetic moment of the probe atoms, while the valence contribution has a more

complicated behaviour . Moreover since sp impurities are non-magnetic in metals,

the contribution to the hff from the core orbitals vanishes and only the valence

contribution remains, i.e . only sd interatomic polarization is efficient; the total hff
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has thus mainly a "transferred" character due to the magnetic environment in which

the non-magnetic probe atom is embedded.
While the LDA has proved to account very well for the ground state properties

of most elements in the periodic table, it is well known from the literature to fail
in reproducing the hff of pure transition metals like Fe, Co or Ni [Jan79] .

	

The
introduction of relativistic effects, i.e . orbital and dipolar contribution to the hff, not
only did not succeed to explain the discrepancy between theory and experiments but
even increased it [ESG88, GE96] . This discrepancy is nowadays generally believed
to arise from the poor treatment of the core polarization mechanism [BAZD87] .
The only way to overcome this problem would be to consider non-local functionals;
one of the methods which seems more promising in this respect is the Optimized
Effective Potential (OEP) method which has shown recently to improve remarkably
the hyperfine fields of bulk Fe, Co and Ni [AK99, Kot98] .

In the first part of this chapter the attention will be driven mainly on the hff
induced on a Cd probe atom embedded in a ferromagnetic Fe/Co interface environ-
ment.' Since Cd is non-magnetic, only the valence s orbitals will contribute to the
hff which is not therefore influenced by this "core polarization" problem. On the
other hand for 5sp and 6sp impurities in Fe the relaxation of neighboring Fe atoms
is expected to induce some changes especially for impurities at the end of the series
[KSP+00] . Since Cd is at the beginning of the 5sp series, the hff are found to be
modestly influenced by the relaxation of the Fe neighbors. The second part of this
chapter is dedicated to the study of the Fe and Co hyperfine fields at the Fe/Co
interface; the hf of Fe will be systematically underestimated due to the above failure
of the LDA for the correct description of the core polarization, while for Co the hf
will compare rather well with the experiments.

5.2

	

Cd hyperfine fields at the Fe/Co interface
In this section I present the results for the Fe/Co (001) and (110) interfaces . After
a brief discussion of the magnetic moment profile obtained by the ab initio SKKR
calculations, I will compare our results with the magnetic moment profile presentedby Swinnen et al . [SMD+97] from the interpretation of their hyperfine field mea-
surements. As already discussed 'in the literature by [SV98, NJS99], no oscillatorybehavior neither on the Fe nor on the Co side of the interface is observed in theab initio calculations, while very large oscillations for both Fe and Co atoms at theinterface are claimed in the work of Swinnen. Afterwards, in order to compare di-
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rectly with the measured hyperfine fields, I will present the results of Cd impurities
at the (001) and (110) Fe/Co interfaces, and compare the calculated hff with the
measured ones .

5.2 .1

	

The (001) and (110) bcc Fe/Co interface

To model the (001) and (110) Fe/Co interface we consider respectively a Co slab
being embedded between two, left and right, halfcrystals of bcc Fe ; the electronic
structure of bulk Fe at the two sides of the slab is imposed by means of the surface
Green's function technique described in section 4.5 . A TB cluster of 89 atoms has
been choosen which leads to Nc = 4 layers in each PL for the (001) interface and
N, = 3 for the (110) (see section 4.4) . In order to remove as much as possible finite
size effects in the Co slab, up to 11 Co monolayers where considered; since the total
number of layers in the system has to be a multiple of N, I placed respectively 5
and 4 Fe layers on the two sides of the (001) slab and 5 Fe layers on both sides the
(110) Co slab, which leads to a total of 20 and 21 monolayers for the (001) and (110)
Fe/Co interfaces . The bcc structure has a 2D-BZ area of ( 2a)2 in the (001) direction,
and of v'2- . (2ä )2 in the (110) ; moreover in the (110) the irreducible part is 4 of the
whole BZ, as opposed to s in the case of (001) direction . To reach convergence with
respect to the number of qll points used in the selfconsistency cycles, 45 and 121

q11-points for the contour energies, and 465 and 1130 qll-points near the real axis
were used respectively for the (001) and (110) directions ; 31 energy points in the
complex contour have been used and 5 Matsubara poles returning to the real axis at
the Fermi energy. The atoms in the system are arranged in the bcc structure with the
theoretical lattice constant of Fe alttr = 5.205 a.u . ; moreover for the (110) interface
I performed calculations also for the experimental equilibrium Fe lattice constant

aitt - 5 .406a.u . . No lattice relaxations were included, i.e . the Co monolayers were

fixed at the Fe bulk distances.
The resulting profile of the local moments at the (100) and (110) interfaces are

shown in Fig. (5.1) ; for both orientations the Co moments are practically constant

up to the interface, while the Fe moments monotonically increase reaching the value

of 2.42 PB at the (001) interface layer, and 2 .29 ltB at the (110) interface. The results

are in good agreement with earlier calculations [SV98, NJS99] ; the somewhat larger

values obtained by these authors are a consequence of the experimental Fe lattice

constant used in these calculations .
For an understanding of the moments at the interface it is important to recall

the behaviour of bulk Co and Fe and FeCo alloys . Bulk Co is for all three phases
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Fe5 Fe4 Fe3 Fe2 Fel Col Co2 Co3 Co4 Co5

Figure 5 .1 : Magnetic moment profile at the (001) (empty circles) and (110) (filled

squares) Fe/Co interface.

(hcp, fcc and bcc) a strong ferromagnet characterized by a filled majority band and a
moment of about 1 .7 AB, being insensitive to structural and environmental changes.
On the other hand, due to the larger extent of the wave function resulting in stronger
hybridisation and bandbroadening, bcc Fe is a weak ferromagnet with about 0.4-0 .5
unoccupied d-states in the majority band, leading to a strong sensitivity of the Fe
moment to environmental changes. This can be clearly seen in ab-initio calculations
for disordered Fel_,Cox alloys [DZAE91] . With increasing Co concentration the
average alloy moment increases and attains a maximum at about 25% Co, despite
the fact that the Co moment, being about 1.7AB independently of the concetra-
tion, is much smaller than the Fe moments. Calculations for the dilute limit of a
single Co impurity in Fe show, that around each Co impurity the neighbouring Fe
moments increase in a region of at least five Fe shells [DSB+89] so that for each Co
atom the total alloy moment increases by about 1 AB . All these ab-initio calcula-
tions are in good agreement with the experimental information from magnetisation
measurements and neutron scattering .

In analogy to the alloy, the behaviour at the Fe/Co interface is characterized
by the filling of the local majority d-states of Fe being driven by the decrease of
hybridization and the resulting band narrowing. The differences between the (001)
and (110) interface can be directly understood from the different coordination of an
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Figure 5.2: Comparison between the theoretical (filled squares) and experimental

(empty circles) magnetic moment profiles at the (110) Fe/Co interface .

Fe atom in the first Fe layer, having 4 nn and 1 nnn Co atoms at the (001) interface,

but only 2 nn and 2 nnn Co atoms in the (110) case .

It is time now to compare the calculated magnetic moments of the (110) Fe/Co

interface with the one claimed by Swinnen et al . [SMD+97] . Since is well known that

using the LDA Fe lattice constant the magnetic moment of Fe is underestimated, in

order to compare with the experiment I present in Fig . (5 .2) the magnetic moment

profile for the bcc (110) Fe/Co interface obtained by using the experimental Fe lattice

constant, i.e . alatt = 5.406a.u . ; due to the increase in volume by moving from the

LDA to the exp. lattice constant, the Fe magnetic moment increases up to 2.25AB

for the "bulk" like layers as compared to 2.07ftB for alatt = 5.205 a.u., while the Fe

interface layer has a moment of 2 .52/tB as opposed to 2 .29/LB, which correspond to

an overall increase of 10% . For Co layers the change is less pronounced, and the

magnetic profile is found to be almost constantly shifted by 0.1AB for all the layers

in the Co slab, i .e . less than 6%.

As evident from Fig. (5.2), no oscillatory behaviour is found neither for the Fe

and the Co layers approaching the interface . It is well known that oscillations of

the Fe moments around the bulk value exist for the Fe surface as a function of the

distance from the surface layer; nevertheless these oscillations are screened if Fe is

coated with a metal[MEJS95] . Some oscillations remain in the case of coating with
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Ti, Mn and V, which actually couple antiferromagnetically with the Fe substrate ;
they are due to the spin-dependent screening of the perturbation caused by the
presence of the neighboring coating material, and in the case of an extended interface
they are very small and rather long-ranged .

Which could be the origin of this large discrepancy between the theoretical and
experimental picture? . First of all the magnetic profile of the Fe/Co interface is not
measured directly, but rather deduced from TDPAC experiments of the hff of Cd
probe atoms at the Fe/Co interface. Using the Stearns' model [Ste73], which gives a
very simplified, i.e . wrong, dependence of the hff on the magnetic environment, the
magnetic profile is deduced from the measured hff. I will not comment on details
of the validity of this model, but rather try to compare directly the measured and
calculated hff of the Cd probe atoms in the next section . What one can say here, is
that one of the main assumptions for the fitting procedure is that the contribution
from the hff field is coming mainly from the magnetic environment of the 1st shell
around the probe atom; as will be discussed in the next this assumption is not valid
for the bcc structure, since the next nearest neighbors contribute as much and some
times more than the nearest neighbors to the valence polarization and therefore to
the total hff. The oscillatory behaviour of the magnetic profile proposed by Swinnen
et al . and assigned to a Fe/Co sharp interface, has no theoretical justification, and
is actually in conflict with the behaviour known from the Fe/Co alloy.

5 .2.2

	

Cd impurities at the (001)
face

In order to compare directly with the mea-
sured Cd hff, I performed impurity calcula-
tions for Cd substitutional defects placed in
different layers near the Fe/Co interface re-
gion (see Fig. (5 .3)) . The Cd impurity and
a cluster of 27 potentials around the impurity
(up to the 3rd shell) are allowed to readjust
self-consistently until convergence is reached.
In the next pictures I used the following nota-
tion ; I indicated with Fe-n (Co-n) the n - th
Fe (Co) layer away from the interface, i.e . Fel
is the interface layer, Fe2 is the second layer
from the interface etc., and the same holds for

and the (110) Fe/Co inter-

Fe bulk

Fe Co

Figure 5.3 : Cd impurity at the
Fe/Co interface . The arrows in-
dicate that the Cd atom can be
positioned in different layers .
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the Co layers .

(i) Calculated Cd hff at the Fe/Co (001) and (110) interface

In Fig. (5 .4) the results for the Cd hyperfine fields at the (001) and (110) Fe/Co in-
terfaces are shown; both the curves are calculated with the LDA Fe lattice constant,
i.e . atlattheor = 5.205 a.u. .
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Figure 5 .4 : Cd hff at the (001) (empty circles) and (110) (filled squares) Fe/Co

interface .

Since Cd is a non-magnetic impurity the hff is determined by the valence elec-

trons, and since no orbital contributions are considered, it arises from the s-polarization

of the Cd atom due to the spin-polarized d-orbitals of the neighboring Fe and Co

atoms; the core contribution is small and amounts to about -7 kG in the Fe bulk

layers and decreases to less than -1 kG as soon as the Cd is placed at a Co substi-

tutional site . The Cd hyperfine has therefore mainly a "transferred" character; it

is high where the neighboring atoms have large magnetic moments, i.e . in Fe, and

decreases by almost a factor of 2 when Cd is placed in a Co environment . The Cd

hyperfine field is negative as expected from the calculation of Cd impurities in Fe

and Ni hosts [AAB+90] . Since the dependence of the hff is restricted to the very

close environment, i.e . the first two neighboring shells mainly, a Cd atom in the

Co2 layer shows already the same hff as a Cd impurity in bulk Co. The small oscil-
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lation in the case of the (001) direction, are due to finite size effects in the (001) Co

slab which lead to small oscillations (barely visible in Fig . (5 .1)) in the magnetic

moment profile, and therefore in the induced hff. From the hff of Cd in a bulk Fe
environment, which is assumed with good approximation already in the Fe3 layer,
the hff decreases (in absolute value) in two steps towards the Cd value in bulk Co.

Even if the general trend is similar for the two interface orientations, some differ-
ences are found, due to the different Fe magnetic moments to which the Cd atom is
exposed in the Fe2, Fel and Col layers . It is important to note here that the larger
hff of Cd in the Col layer found for the (110) with respect to the (001) orientation
is somehow counterintuitive . In fact if one assumes that the "transferred" hff are
driven by only the NN atoms around the Cd, one would expect a larger hff for the
(001) orientation than for the (110) one, for two reasons . In first place the magnetic
moments at the Fel interface layer is larger for the (001) direction (see Fig. (5.1))
and so should be also the transferred hff to the Cd. The second reason has to do
with the different number of NN Fe which a Cd in Col has in the (001) and (110)
orientation ; in the (001) case there are 4 NN Fe in the Fel layer and 4 NN Co in the
Cot, while in the (110) case only two Fe NN in the Fel, and 4 NN Co in the Col
plus 2 NN Co in the Co2 layers are present (the number of NN and NNN around an
atom as a function of the layer number is depicted in Fig . (5 .5))

number .
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Figure 5 .5 : NN and NNN sites at the (001) and (110) bcc as a function of the layer

The count of the Fe NN is therefore in favour of the (001) surface, and a larger
induced Cd hff in the Col layer should be found for the (001) Fe/Co interface ; as
evident Fig . (5.4) this is clearly not the case . For Cd in Fel and Fe2 layers things
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are complicated by the fact that the Fe layers exhibit different magnetic moments
approaching the interface . This discrepancy could be avoided if also the next nearest
neighbors would influence the "transferred" hff by the same degree as the nearest
neighbors.

(ii) The role of the First and Second NN Fe atoms

In order to investigate this, I present in Fig. (5 .6), calculations of Cd impurities in
a Co bulk matrix but with different numbers of Fe impurities in the 1st and 2nd
shell; as for the Cd at the Fe/Co interface, perturbed potentials up to the 3rd shell
are included .
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-330

-350

Cd impurity in bulk Co + Fe neighbors
(Theor. latt. constant)

Fe NN

	

Fe NNN

Figure 5.6 : Cd hff in Co bulk matrix as a function of the progressive filling of the

first two shells with Fe atoms .

The hff of Cd is plotted as a function of the number of Fe atoms in the first

two shells, i.e . replacing one after the other the Co atoms in the first and second

shell shells by Fe atoms; each point in Fig. (5 .6) has been obtained by means of

a self-consistent calculation, i.e . all the potentials for each configurations readjust

until convergence is reached. The initial value refers to a single Cd in bulk bcc Co,

i.e . Hhf - -165 kG . We then start to fill the 1st shell around the Cd impurity

with Fe atoms. Replacing one by one the 8 Co NN atoms with Fe, we find out that
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the "transferred" hff scales almost additively with the number of neighboring Fe

atoms and reaches the value of Hhf - -242 kG for the filled shell ; the "additively"

characteristic of the hff was already proposed in the literature [AAB+90, EWG+87].

This value is still far away from what is expected from a Cd impurity in bulk bcc

Fe, which from Fig . (5.4) should be around Hhf - -290 kG. Only starting by

replacing Co in the 2nd shell with Fe atoms the Cd hff increases further and reaches

a value of Hhf - -320 kG. This value is higher than expected for Cd in bulk Fe,

but this comes as no surprise ; the reason is that the two shells of Fe around the

Cd atom are still embedded in the Co environment, and therefore they have higher
moments than in a real bulk calculations . Some additional contributions may come
from additional Fe atoms in the third shell around the Cd, but these are one order
of magnitude smaller then the ones arising from the first two shells, and they turn
out to be more then compensated by the reduction in the hff due to decrease of the
Fe moments in the first two shells . The 2nd shell therefore induces a polarization
on the Cd s-orbitals which has not only the same magnitude as the 1st shell, but
is even larger . In the bcc structure the two shells are at very-similar distance from
the central atoms, i.e . r est = 0.866ai att vs . 'r2nd = lalatt ; as we will find again in the
next chapter the larger contribution from the 2nd shell seems to be a characteristic
of the bcc structure, and will appear also in the case of Fe or Co hff in Fe/Co dilute
alloys . With this "two shells" model the larger induced hff for a Cd atom sitting in
the Col layer at the (001) Fe/Co interface can be qualitatively explained, since the
contribution from the Fel layer is given by 2 Fe NN + 2 Fe NNN in the (110) as
opposed to the 4 Fe NN in the (001) interface, and 2 Fe NNN contribute, as evident
from Fig. (5.6), more than 2 Fe NN.

One could argue that the contribution from the 2nd shell should depend on the
filling of the 1st shell by Fe atoms, since the Fe moments should depend on the
number of Fe atoms in the neighborhood . To check whether this is the case, I report
in Fig. (5.6) (by open diamond symbols) the Cd hff obtained by filling only the
2nd shell with Fe atoms, but this time leaving the 1st shell unfilled . The total
contribution from the 2nd shell is now smaller than before, i.e . -67 kG, as opposed
to -82 kG found in the case of filled 1st shell ; again, taking into account that only
6 NNN exist in comparison with the 8 NN, an Fe atom in the 2nd shell contributes
more than one in the 1st shell .

In order to further verify this picture, I performed also Cd impurity calculations
in substitutional position in Fe/Co alloy in the B2 structure, well known in the
literature to be the stable ordered phase for Fe.Coi_. alloys with x = 0.5 ; in the
B2 structure, as depicted in Fig . (5 .7), Fe and Co atoms are arranged in two simple
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cubic sublattices displaced from each other by half the cube diagonal . In the B2
structure an Fe (Co) atom is surrounded by 8 Co (Fe) in the 1st shell, and 6 + 12
Fe (Co) atoms in the 2nd and 3rd shells ; a Cd probe atom in a substitutional Co
position would therefore have the same surrounding (up to the 3rd shell) as the Cd
with 8 Fe NN in bulk Co with Hh,f - -242kG .
The hff of Cd in a substitutional Fe position on
the other hand should be comparable to the hff
of the Cd with 6 Fe NNN (and no Fe NN) of
Hh,f - -231 kG, even if in this case the 3rd
shell is differently filled ; this should not influ-
ence much the results since the contribution of
the 3rd shell is one order of magnitude less than
the one one of the first two shells . The two hy
perfine fields of Cd in Fe and Co substitutional Figure 5.7 : B2 structure assumed
positions in Fe/Co B2 (indicated as Cd in Co by the Fe/Co ordered alloy in the
(B2) and Cd in Fe (B2) ordered alloy are shown 50%-50% concentration regime .
in Fig. (5.4b) as filled squares. As predicted
from the calculations for the dilute alloys the two hff have very similar values ; if the
1st shell would have a much larger contribution than the 2nd one, then the hffvalue
for Cd in Co (B2) would be much larger (in absolute value) that the one of Cd in
Fe (B2), and clearly from (5.6) this does not occur.

Before proceeding to the comparison with the measured hff, in Fig. (5 .8) I show
the comparison between the Cd hff at the (110) Fe/Co interface for the theoretical
and the experimental lattice constant of Fe. Because of the increase in the volume
of the cell, the Fe moments, as discussed in the previous section, increase by about

10% ; the Cd hff in bulk Fe instead increases of up to 30% of its value near the Fe

bulk environment. The small changes in the Co moments leave the "transferred"

hff unchanged, and Cd in Co "bulk" environment attains practically the same hff

for both lattice constants. We can interpret this results also as a good estimation

on how relaxations of the Fe and Co atoms around the Cd impurity would influence

the calculated Cd hff. Relaxation of the Fe shells around heavy sp impurities,

as extensively explained in ref. [KSP+00, CH00], are always outwards and only

relevant for the first two shells ; for earlier sp-impurities the hff are increased due

to lattice relaxations, as shown in Fig. (5.8) . Since, moving from the theoretical

to the experimental lattice constant, not only the first neighbors but all the atoms

are more distant to each other, the volume increase is larger than for the relaxed

structures presented in ref. [KSP+00] ; relaxation effects are therefore believed to
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Cd probe atom at the (110) Fe/Co interface

Figure 5 .8 : Comparison between the Cd hff at the (110) Fe/Co interface using

the theoretical aiatt = 5 .205 a.u . (empty circles) and experimental alatt = 5.406 a.u.
(filled squares) Fe lattice constant .

lead to hff values in between the two curves presented in Fig . (5 .7) .

(iii) Comparison with the Experiment

We can now comparewith the measurements performed by Swinnen et al . [SMD+97] .
In table 5 .1 a summary of the Cd hff measured by the TDPAC experiment is pre-
sented . The Cd probe atoms were implanted into the Fe/Co multilayer structure
and therefore are supposed to supply information for both the bulk Fe and Co region
as well as for the interface region . Two main peaks in the Cd hff are observed and at-
tributed to Cd in bcc Fe and Co bulk environment, with respectively Hhf = -381 kG
and Hhf = -161 kG . Two sharp (with nearly no dispersion in the frequency) satel-
lites near each peak are also resolved and they are assigned to probe atoms either in
Fe or in Co layers in plateaus near a sharp interface; their hyperfine fields (see table
5.1) are very close to the ones of the two main peaks . In addition to these sharp
features, two broad distributions are found and, since their mean field are between
the ones for Cd in Fe and Co bulk, they have been assigned to probe atoms in a
mixed Fe/Co environment at diffuse parts of the interface .

For what concerns the two main peaks, the agreement with our calculations is
very good since, from the calculations performed with the experimental lattice con-
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Table 5.1 : Assignment of the Cd hff peak and satellite measured by the TDPAC
experiments of Swinnen et al. [SMD+97] .

stant in Fig. (5.8), the hff of the Cd in bulk bcc Fe and Cd in bulk bcc Co retain
respectively Hhf = -377kG and Hhf -167 kG. In the case of the Cd hff in bulk Fe
the agreement is somewhat fortuitous, since the high value is induced by a bulk Fe
magnetic moment of 2.25AB which is actually larger than the experimental moment
of 2.2/.tß ; it is nevertheless instructive to see that within an LDA calculation for
the experimental lattice constant the agreement with experiments improves consid-
erably. When one compares the hff of Cd probe atoms in Fe or Co layers at the
Fe/Co "sharp" interface region on the other hand strong discrepancies are found;
the shift from the "bulk" value to the "interface" value is of only several kG's in
the experiment while it reaches 70 - 80 kG in the ab initio calculations . The broad
distribution found in the experiments and interpreted as arising from Cd in an in-
terdiffused Fe/Co interface are on the other hand more shifted from the two bulk
values . The main point arising from our calculations is that, being the hff driven
by the very local environment, the main changes in the hff are expected in the first
2 layers on each side of the interface ; since the magnetic configuration changes very
rapidly from one layer to the other so also change the "transferred" hff.

Such abrupt changes in the Cd hff on the other hand, would be mitigated by

the presence of some interdiffusion at the Fe/Co interface. This is indeed the case,

for instance, in the cases depicted in Fig. (5 .9) . If a Co atom interdiffuses in the

adjacent Fe layer, the hff of the Cd in the Co layer at the interface would diminishes

(in absolute value) by several kG towards the Cd in "bulk" Co value. Satellite

features which are several kG separated from the two main peaks, could therefore

be attributed to Cd probe atoms in the presence of 3 or 4 interdiffused atoms.

I perfomed also total energy calculations to see whether interdiffusion at the

Fe/Co interface is favoured energetically. The calculations predict that an exchange

of an Fe-Co pair at the (001) interface layers requires an energy of about 0.1 eV

which is sufficiently low so that during epitaxial growth indeed strong interdiffusion

is expected to take place. The two broad distributions observed in the experiments,

TDPAC Exp . Cd in Fe Cd in Co
bulk -381 kG -161 kG

sharp interface -387 kG, -398 kG -156 kG, -172 kG
diffuse interface -360 kG -187 kG
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Cd probe atom at the (110) FelCo interface
(Theor. latt. constant)
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Figure 5.9 : Cd hff at the sharp (110) Fe/Co interface and in presence of an interdif-
fused atom.

are therefore consistent with our calculations ; they may arise from many slightly
different microscopically environment around a Cd probe atom in the Fel (Col)
layer with some interdiffused atoms in the adjacent Col (Fel) layer.

As a last test for the accuracy of our results, I investigated whether changing from
a spherical (Atomic Sphere Approximation) to a full cell (Full Potential) treatment
of the potentials leads to significant differences in the calculated hyperfine fields .
In Fig. (5 .10) 1 compare the results of the ASA and the FP calculations for the
Cd at the (110) Fe/Co interface using the theoretical lattice constant . As evident
from Fig. (5 .10) the ASA calculations do not differ much from the FP ones . This
means that for a Cd impurity the form of the potential is not crucial for a correct
evaluation of the hyperfine fields . This was already observed by Korhonen et al .
[KSP+00] where for all the elements at the beginning of the 5sp and 5sp series the
FP results where compared with the ASA results of Akai et al . [AAB+90] . The
ASA results presented in this work contain however what is believed to be the main
reason for the improvement of the FP hff,, i.e . the full charge density, which was not
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(iv) Summary
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Figure 5 .10: Comparison between the ASA and FP calculations for the Cd hff at

the (110) Fe/Co interface

included in the ASA calculations presented in the work of Akai et al . [AAB+90].
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We can summarize in the following the comparison with the experimental work of

Swinnen:

The calculated and "measured" magnetic moments profiles of the Fe/Co in-

terface are, as discussed in the previous section, in strong disagreement; this

discrepancy can be traced back to the "questionable" fitting procedure used in

the experiments, which has its basis in the unreliable model for the hyperfine

fields proposed by Stearns [Ste73] .

" The results for the Cd hyperfine fields away from the interface compare rather

well with the values for the Cd in a bulk Fe and bulk Co environment provided

the experimental lattice constant is used in the calculations .

" For the ideal interface the Cd hff decreases in two more or less equal steps from

the bulk Co to the bulk Fe value, in strong constrast to the interpretation of the

experiments . The changes can be understood from the coordination changes

of the number of NN and NNN.
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" Since no well defined Cd hff for the Fel and Col positions are found in the

experiment we conclude that the investigated interfaces are strongly interdif-

fused

" This is in line with the two broad distributions associated with Cd probe

atoms at diffused interface found in the experiment, which can be simulated

by means of many microscopically different environments with several Fe or

Co interdiffused atoms.

5.3

	

Hyperfine fields in Fe/Co systems

This section aims to study the behaviour of the Fe and Co hff at the Fe/Co interface
and in dilute and ordered FeCo alloys . As opposed to the case of a non-magnetic
material, like Cd, the hff induced on a magnetic atom, e.g . Fe and Co, result from
the interplay between two competing polarization mechanisms . Due to the spin
polarized d-orbitals which lead to the local magnetic moment of Fe and Co, a "local'
polarization is induced in the nuclear region to the s-orbitals . In addition to this
local contribution, a "transferred" hff is induced, similary as it happens for the non-
magnetic atoms, from the magnetic environment in which the atom is embedded.
As explained extensively by Akai et al . [AAB+90] and Blügel et al . [BAZD87]
for magnetic impurities in Fe and Ni hosts, the core contribution to the hff scales
with the local moment with a negative proportionality constant ; the valence hff has
both a "local" and "transferred" contributions, the first scaling also with the local
moment (but this time with a positive proportionality constant) and the latter being
negative, i.e . opposite to the moments of the neighbors, for all the transition metal
impurities studied .

Having in mind the above picture, Fe and Co are expected to show different be-
haviours regarding their total hff at the Fe/Co interface or more generally in Fe-Co
systems. This becomes clear analyzing the magnetic moment profile at the Fe/Co
interface plotted in Fig. (5.1) . Since Fe is a "weak" ferromagnet, its magnetic
moment is very sensitive to the environmnent and so is expected to be the "local"
valence and core contributions to the hff. Instead the magnetic moment of Co is sat-
urated, and remain constant moving towards the Col interface layer ; therefore only
the "transferred" polarization acting on the valence s orbitals induces the changes
in the total Co hff. This peculiarity of Co will allow us to interprete the changes
in the hff as arising only from the magnetic environment in which the Co atom is
embedded in a very similar way as it was previously done in the case of the Cd atom .
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This is indeed the case, as can be seen in Fig. (5.11), where the hff of Co and Cd
impurities at the (001) and (110) Fe/Co interface are shown. For both orientations,
the hff of the Cd and Co probe atoms show a similar trend, moving from the Co to
the Fe side of the interface .

Cd and Coprobe atoms at the (001) FelCo interface
(Theor. latt. constant)

Fe and Co hff at the Fe/Co interface

Cd and Co probe atoms at the (110) FelCo interface
(Exp. latt. constant)
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Figure 5 .11 : Comparison between the hff of Co and Cd impurity atoms at the (001)

(left figure) and (110) (right figure) Fe/Co interface .

Since the (001) and (110) Fe/Co interfaces of Fig . (5 .11) have been calculated

respectively using the theoretical and experimental Fe lattice constants, we can

observe how the hff at the Cd and Co atoms change with respect to the increase in

the magnetic character of the neighboring atoms induced by the volume increase .

On the Fe side a sensible increase for both Co and Cd hff is observed due to the

larger magnetic moments of the surrounding Fe atoms, while less changes are found

for the hff in the Co side due to the "saturated" Co magnetic moments. Due the

large sensitivity to environmental changes induced by the large extent of the Cd

valence s-orbitals with respect to the Co ones, the increase of the Cd hff is twice as

much the one of the Co hff.
I will discuss in the following the hff profile at the Fe/Co interface and Fe-Co

dilute alloys and investigate its origin ; at the end of the section I will compare

the results with the available Fe and Co hff measured by Mössbauer and Nuclear

Magnetic Resonance (NMR) experiments .

Let us examine now the hff profile at the (001) and (110) Fe/Co interface shown in

Fig . (5 .12) and Fig . (5.13), where the total as well the valence and core contributions
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The (ool) Fe/Co interface

(Theor. latt. constant)

Figure 5.12 : Hff profile at the Fe/Co (001) interface (LDA lattice constant) ; the

squares are the total hff, circles and diamonds indicate respectively the core and
valence contributions .

to the hff are shown; for both orientations the theoretical Fe lattice constant alatt =
5.205 a.u . was used .

Let us discuss at first the behaviour of the Co hff. The core contribution to
the hff, for both directions, remains constant approaching the interface with Fe to
about N -190 kG . Also the "local" contribution to the valence hffis constant and of
positive sign, and, as we discussed previously, the changes in the Co valence hff are
driven only by the negative hff induced by the neighboring atoms; this "transferred"
hff increases (in absolute value) approaching the Col interface layer and is of the
same order o£ magnitude for both the interface orientations . Since Co and Cd
behave very much in the same way regarding their hffs, it comes as now surprise
that also the Co hff at the Co interface layer (Col) is larger (in absolute value) in
the (110) than in the (001) orientation, and as I will discuss in the next section
it has its justification, similarly for the Cd, in the role of the second neighbors in
the "transferred" polarization to the Co s-valence orbitals . The small oscillations
observed for the (001) interface in the Co side are similar to the oscillations found
for the Cd impurity and have the same justification in the small oscillation in the
Co magnetic moments due finite size effects acting in the Co slab .
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Figure 5 .13: Hff profile at the Fe/Co (110) interface (LDA lattice constant) ; the
squares are the total hff, circles and diamonds indicate respectively the core and
valence contributions .

For what concerns the Fe hff at the Fe/Co interface, the interplay between both
the core and valence contribution leads to the different behaviour of the Fe hff

for the (001) and (110) interface orientations . The core contribution to the Fe hff

follows (with a negative multiplicative constant) the total Fe magnetic moment and

therefore increases approaching the interface region ; since the (001) interface present

a larger Fel magnetic moment than the (110), the core contribution is also larger.

The valence contribution decreases from the value assumed in the "bulk" region, i .e .
,. ., -30 kG, to almost zero at the Fel interface layer, and no sensible differences are

observed for the two orientations . The total Fe hff at the (001) Fel interface layer

is larger (in absolute value), i.e . -266 kG, than the bulk Fe hff of -253 kG, while it

is slightly smaller, i.e . -250kG for the (110) orientation ; for the (001) interface the

enhancement in the core polarization is able then to balance the drop in the valence

contribution, while this does not happen for the (110) interface. When the valence

hff at the Fe or Co layers is zero implies that the local positive and the negative

transferred valence contributions are of the same size, and balance each other.

In Fig. (5 .14) I show the calculated hff at the (110) Fe/Co interface choosing the

experimental Fe lattice constant, i.e . al ,,,tt = 5.406a.u . ; moreover I present the hff of
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Hff at the (110) FelCo interface
(Exp . latt. constant)

Fe5 Fe4 Fe3 Fe2 Fel Col Co2 CO Co4 Co5

Figure 5.14: Hff profile at the Fe/Co (110) interface (Exp.lattice constant) . The
filled symbols are relative to the Fe (Co) hff in the Fe (Co) side of the interface,
while open symbols are relative to Fe (Co) impurities that diffuse in the Co (Fe) side;
as for figures (5.12) and (5 .12) the squares are the total hff circles and diamonds
indicate respectively the core and valence contributions .

Co (Fe) atoms which diffuse into the opposite Fe (Co) side of the interface . For what
concerns the Fe hff at the Fe side of the interface, the enhanced Fe moments obtained
by using the experimental lattice constant raises the negative core contribution of
about i.e . -30 kG; also the valence contribution is enhanced of about -15kG in Fe
layers away from the interface region . Also for the Co hff a small increase is detected
of about -10 kG in the core contribution, while the valence contribution changes of
only 2 - 3 kG.

The hffof a Co impurity which diffuses into the Fe layers at the Fe/Co interface,
is, as already discussed for the Fig. (5 .11), varying in a similar way as observedfor the Cd impurity, since the Co moment is unchanged. How are the hff of an Fe
impurity changing when it diffuses into the Co side of the Fe/Co interface? . Asshown in Fig. (5 .14), the core contribution has a further increase when an Fe atommoves into the Co slab, and reaches the maximum negative value already at the
Co2 layer; this is obviously due to the increase of the Fe magnetic moment which

Fe ,ra---o Co"

'
0 or 0 core
13 or" total
0 or* valence
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is for an Fe impurity in bulk bcc Co of about M = 2.72AB, sensibly larger than the
one of the Fe1 interface layer of M = 2.52AB, or than the Fe in bulk Fe value, i.e .
M = 2.25AB . The valence contribution, on the other hand continues to decrease
and actually becomes positive when the Fe atom diffuses into the Co slab and it
reaches, in the Cot layer, a value of +57 kG, more than compensating the negative
enhancement of the core contribution . The total Fe hff is found thus to decrease to
,., -238 kG into the bulk Co environment.

From Fig. (5 .14), the valence contribution to the Fe hff is found to follow, up to
a more or less constant shift, the valence contribution of the Co hf, this is indeed
surprising since, as opposed to the Co hff, the valence contribution is now ruled by
two different polarization mechanisms, "local" and "transferred" ones .
A qualitative explanation of the valence

contribution to the hff at the Fe/Co inter-
face is sketched in Fig. (5.15) and summa
rized in the following. The local contribu-

	

Local

tion to the valence hff is, as well known

	

Hloc (Fe)

in the literature [AAB+90], proportional

	

- Hior- (Co)

and of the same sign to the local mag- Total valence
netic moment ; the transferred contribu-

	

Htot (Fe)

tion is negative (for the transition met-
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als) . For what concerns the Co valence
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hff, the two contributions should thus be
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of comparable intensity in order to cancel
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each other in the bulk Co environment, i.e .

	

;
Hlo,(Co) ,., -Ht,(Co) . Since the magnetic

	

_
moment of Co remains constant through-

	

Fe

	

Co

out the interface, the local contribution to Figure 5 .15 : Scheme for the valence
the valence hffis also constant ; moving into contribution to the hff in the Fe/Co in-
the Fe layers, the variation in the total va-

	

terface.
lence Co hff (Htat(Co)) are therefore only
due to the variations of the transferred hff. For the Fe the situation is compli-

cated by the simultaneous changes in its magnetic moment. Let us suppose that

the "transferred" hff (Ht,(Fe)) is, for the same magnetic environment, the same for

the Fe and 'Co atoms; this is equivalent to assume that the wave functions of the

two elements are polarized in he same way by the external magnetic moment. Thus

since an Fe atom in Co environment does not induce a larger magnetic moment on

the neighboring Co atoms, Ht,. (Fe) should have a similar value as Ht,. (Co) in the
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bulk Co environment (right side of the picture) . Instead Ht,(Fe) should assume a
smaller negative values than Ht, . (Co) moving towards the bulk Fe environment; the

reason is that a Co atom induces a larger moment in the neighboring Fe atoms than
an Fe atom itself and consequently the hff transferred from the neighboring atoms is
also larger . The local contribution to the valence Fe hff (Hlo,(Fe)), is expected to be
larger than Hlo,(Co), because of the larger magnetic moment . Moreover it increases
to higher positive values when the Fe atom moves into the Co side; this, again, is
due to the progressive enhancement of the magnetic moment of the Fe atom (2 .72AB
in Co2 as opposed to 2 .42AB in the Fel layer and 2.25AB in the "bulk" Fe3 layer) .
These local and transferred polarizations therefore induce a total variation on the
valence Fe hff (Ht,,t(Fe)) which is again of the same order of magnitude as the one
observed for the Co atom, i.e . Htot(Co), moving throughout the Fe/Co interface .

Dilute and ordered (B2) FeCo alloys

In order to understand the origin of the hff in the Fe/Co interfaces, I present,
similarly as it was done for the Cd impurity, in Fig. (5 .16) and (5 .18) the hff of a
Co (Fe) impurity atom in Co (Fe) matrix, as a function of the number of Fe (Co)
atoms in the first two shells, i .e . replacing the Co (Fe) atoms with Fe (Co) ones .

Firstly let us discuss the Co hff in Fig . (5 .16) . The core contribution to the
Co hff, as already observed in the case of the Fe/Co interface, remains constant to
ti -190kG with respect to the number of Fe atoms in the 1st and/or 2nd shell .
The valence contribution increases due to the larger total magnetic moment in the
surrounding shells as a function of the number of Fe atoms; the filling of the 1st shell
with 8 Fe NN induce a negative contribution to the hff of about -30kG, while 6
NNN Fe in the 2nd alone induces more than -50kG. Therefore, as observed for the
Cd impurity atom, the 2nd shell induces a larger polarization to the local s orbitals
than the 1st shell ; actually almost 2/3 of the transferred hff to the Co atom is due
to Fe neighbors in the 2nd shell . This unusual larger contribution of the 2nd shell
with respect to the 1st one seems therefore to be a characteristic of the bcc structure
for which the calculations were performed In the case of NiFe alloys [GE96] similar
impurities calculations have shown an oscillatory behaviour of the induced hff to the
central atom as a function of the shell number, with the contribution from the 1st
shell being the largest one.

To check whether this unexpected large contribution from the 2nd shell is not a
fictitious feature induced by some of the approximations adopted in our calculations,I present in Fig . (5.17) additional calculations of the hff induced on a Co atom as a
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Figure 5 .16 : Co hff in bulk Co as a function of the number Fe atoms in the 1st

(NN) and 2nd shell (NNN) : the total (filled squares), core (open circles) and valence

(open diamonds) contributions to the hff are shown .

function of the neighboring Fe atoms. In Fig . (5 .17) I compare the total hff obtained

by the filling of the 2nd shell with Fe atoms while keeping the 1st shell filled with

Co (open circles) ; the total hff curve presented in Fig . (5.16) is also plotted for

reference (filled squares) . Similar to what we found for the Cd atom (see Fig.

(5 .6)), the induced hff per atom by the 2nd shell is smaller in the case of an empty

(i.e . filled with Co atoms) 1st shell than for the filled (i.e . filled with Fe atoms)

1st shell ; the contribution from the 2nd shell is again larger than the contribution

of the 1st one. Another important feature which arises from the above calculations

is that the contribution from the 2nd shell does not change sign depending of the

filling of the 1st one ; on this point I will come back later when the comparison with

the experiments is carried out . In Fig . (5.17) I also show calculations for Co atom

in the FeCo ordered B2 alloy (the one depicted in Fig . (5 .7)) . The B2 crystal was

simulated by a cluster of 89 Fe and Co atoms (up to the 7th shell) in the B2 geometry

embedded in a Co bcc environment . This calculations have a twofold goal ; to check

whether the adoption of a larger perturbed cluster could influence the picture of the

hff discussed above, and to test the dependence of the induced hff on the matrix

in which the first two shells are embedded in . The replacement of the NNN Co
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Co impurity in bulk Co (and FeCo B2) + Fe neighbors
(Theor. latt. constant)
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Figure 5.17 : Total Co hff in bulk Co as a function of the number of Fe atoms in the
2nd shell in different configurations : Co in bulk Co with the 1st shell filled with Fe
atoms (filled squares), Co in bulk Co 1st shell filled with Co atoms (empty circles),
Co in FeCo B2 ordered alloy (open diamonds) .

atoms with Fe atoms induces to the central Co atom an hff (open diamonds) which
increase (in absolute value) even more rapidly as a function of the number of NNN
Fe atoms as the two other cases depicted in Fig. (5 .17) .

The hff of an Fe atom, Fig.

	

(5.18), has a more structured behaviour as a
function of the number of the surrounding Co atoms. The presence of 8 Co NN
atoms enhances the Fe core hff from -222 kG to -288 kG, while the filling of the
2nd shell leaves the core contribution almost unchanged. The valence Fe hff, asobserved also for the Fe/Co interface, becomes less and less negative and equal tozero after the filling of the 1st shell with Co atoms ; with the additional filling ofthe 2nd shell the valence part reaches a positive value of 45 kG. Therefore the totalhff increases until the 1st shell is filled, and afterwards decreases since the valencepositive contribution is not anymore balanced by the negative core polarization . Themaximum core contribution is assumed when an Fe atom has 8 Co NN, since thisis the configuration with the largest Fe magnetic moment . We find again that thesecond shell plays a crucial role for the changes in the hff of the Fe central atom .Since the magnetic moment does not increase further after the filling of the 1st shell,
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Figure 5 .18 : Fe hff as a function of the number of Co atoms in the 1st (NN) and

2nd shell (NNN) : the total (filled squares), core (open circles) and valence (open

diamonds) contributions to the hff are shown.

the variation in the Fe valence hff as a function of the filling of the 2nd shell is due

only to the decrease in the transferred hff from the neighboring atoms .

We can now comment on the accuracy of the calculated Fe and Co hff. As already

discussed previously the main source of error is the Local Density approximation

on the exchange-correlation functionals . This leads to an underestimation, as we

will realize in the next section comparing with the experimental values, of the core

polarization mechanism, and therefore of the total hff for both Fe and Co atoms .

Nevertheless this LDA "problem" turns out to be critical only for Fe, while for Co

rather good agreement, at least for bcc bulk Co, is found with the experimental data .

It is worth-while to cite here the investigation presented by Battocletti et al.

[BEA96] to see whether gradient correction to the LDA improves the core polar-

ization mechanism ; even if in some cases the use of the GGA enhances the core

hff towards the experimental value, this was not found to be valid in general . The

introduction of non-local functionals, on the other hand, have shown recently to

improve remarkably the hyperfine fields of bulk Fe, Co and Ni [AK99, Kot98] .

To answer the question whether the use of the experimental lattice constant

would induce a different polarization mechanism from the first two shells, the calcu-
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lation for the Co hff presented in Fig . (5 .16) as a function o£ Fe neighbors is repeated

in Fig. (5 .19) using the experimental Fe lattice constant, i .e . alatt = 5 .406a .u . .
The induced hff are only slightly larger
(more negative) due to the larger mag-
netic moments assumed by the Fe atoms
induced by the larger volume, while the
overall trend is unchanged.

Another possible source of errors is
the SRA approximation used to calcu-
late the hyperfine fields ; in this approx
imation only the s orbitals give con-
tribution to the hff via the Breit rel-
ativistic expression of the Fermi con-
tact term [Fer30, Bre30], while the spin-
orbit coupling is neglected. But, wher-
ever an orbital moment exists, as is
the case of Fe and Co elements, the

d (or more general non-s) contribution to the hff is not anymore negligible .
The inclusion of relativistic effects
[ESG88, ESG89] have shown that in-
deed for Fe and Co a non-s contribution
due to both orbital and dipolar terms
exists, but, being of positive sign, it even
enhances the disagreement with the ex-
periments.

Since the atoms in 1st and 2nd shells
face from different angles the central im-
purity atom it was not clear a priori
whether a shell-dependent non-s polar-
ization mechanism could be induced to
the central Co atom. To check this pos-
sibility in Fig. (5.20), the calculation
for the Fe hff as a function of the Co
neighbors (presented in Fig. (5 .18)) is
repeated by means of fully relativistic
calculation [Non] ; the SRA results (open
circles) are compared with the fully rela-
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Figure 5 .19 : The same as Fig. (5 .16) but
using the experimental Fe lattice constant .
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tivistic ones (filled squares), and the non-s contribution to the valence hffis explicitly
plotted (filled diamonds) . The value of - 20kG for the non-s contribution remains
constant with respect to the number of Fe atoms in the 1st and 2nd shells, and is in
agreement with the value found for bulk Fe [GE96], thus leaving the above discus-
sions unchanged. This could have been guessed also by comparing the very similar
values for the non-s contributions to the Fe hff in the case of bulk Fe [GE96], i.e .
Hns = 14 .6 kG, and Fe in the FeCo B2 ordered alloy [EWJP90], i.e . Hna = 17.4 kG,
obtained by means of fully relativistic codes.

Comparison with the M6ssbauer and NMR experiments

We can proceed now to compare the calculated Fe and Co hff with data available
in the literature for Fe-Co bulk alloys . Rather many experiments were devoted in
the past to the study of the Fe/Co alloys, which present, due to the co-existence of
ferromagnetically "weak" (Fe) and "strong" (Co) elements, a very special magnetic
behaviour as can be seen from the Slater-Pauling curve [DZAE91]. Disordered and
ordered Fe.Col_x alloys as a function of the concentration x, were investigated
by means of heat capacity measurement [AEP59], 59Co NMR experiments [Rub68,
MSYN76] and 57Fe M6ssbauer experiments [HFP89], as well as studied by means
of ab-initio methods [EWJP90] .

For what concerns the comparison with other theoretical investigations, the hff
of bcc bulk Fe and Co agree well with other SRA and Fully Relativistic results

[Jan79, EWJP90, GE96] . Our results of Co atoms in bcc bulk Fe is also consistent
with other theoretical studies [AAB+90], while no other theoretical investigation was

found in the literature for Fe atoms in bcc bulk Co. Also the results for Fe and Co

hff in the ordered B2 structure, at least regarding the s contribution to the total hff,

are consistent with calculations performed by means of the fully relativistic LMTO

code [EWJP90].
In table 5.2 and 5.3, the calculated and measured induced hffon Co and Fe atoms

in different environments are summarized . The results listed in table 5.2 and 5 .3

were obtained using the theoretical Fe lattice constant ; the results obtained using

the Fe experimental lattice constant, when present, are indicated between brackets .

We start comparing the results for the Co dilute alloys and bulk systems pre-

sented in table 5.2 . As anticipated before, the value for the bcc bulk Co hff agrees

well with the experimental values which was obtained by several groups [HBG+91,

DJML93], by means of 59 Co NMR experiments . This hf for the bcc phase of Co can

be unambigously assigned in the experimental investigations, since for the other two
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Table 5 .2 : Comparison between the calculated and measured hffof Co in different Fe-
Co environment: the three different calculations for the B2 structure are explained

in the text . The experimental results were taken from [DJML93, HBG+91] for the
Co in bcc bulk Co, from [HFP89, JWP96] for the Co in FeCo B2 alloy, and from
[Rub68] for the Co in bcc bulk Fe.

phases present in nature, i.e . fcc and hcp, the Co hff are respectively Hf " = 219 kGf
and H~f = 222 kG . Also the hff of a Co impurity in bcc bulk Fe agrees well with
the experiments, especially if the experimental bcc Fe lattice constant is used, due
to the better (larger) Fe magnetic moment. A large discrepancy is found instead for
the value of Co in the FeCo B2 ordered alloy; on this point I will come back at the
end of this section .

Table 5.3 : Comparison between the calculated and measured hffof Fe in different Fe-
Co environment: the three different calculations for the B2 structure are explained
in the text . The experimental results were taken from [Kra83] for the Fe in bcc bulk
Fe, from [Ful91] for the Fe in FeCo B2 alloy, and from [DSR+94] for the Fe in bcc
bulk Co.

For what concerns the Fe hff, all the values presented in table 5 .3 are, as ex-
pected, underestimated ; this is due to the well known failure of the LDA to repro-
duce correctly the s-core-polarization . Despite of this error the qualitative trend is
reproduced correctly ; the Fe hff has its maximum for the FeCo B2 ordered alloy,

KKR results Experiments (3)

Co in Co bcc bulk -194 kG (-201 kG) -l98 kG

Co
Co
Co

in
in
in

Fe/Co
Fe/Co
Fe/Co

B2 struct .
B2 struct .
B2 struct .

(1)
(2)
(3)

-2l4 kG (-230
-2l7 kG
-205 kG

kG)
-289 kG

Co in Fe bcc bulk -256 kG (-292 kG) -287 kG

KKR results Experiments (3)
Fe in Fe bcc bulk -253 kG (-291 kG) -339 kG
Fe
Fe
Fe

in
in
in

Fe/Co
Fe/Co
Fe/Co

B2 struct .
B2 struct .
B2 struct .

(1)
(2)
(3)

-286 kG
-275 kG
-27l kG

-343 kG

Fe in Co bcc bulk -229 kG (-238 kG) -3l2 kG
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since the magnetic moment and therefore the core contribution has its maximum
for this structure (see also Fig. (5.18)) . With the further increase of Co atoms in
the surroundings of the Fe atom, the positive valence contribution is not anymore
balanced by the core contribution and therefore the smallest hff is found for an
Fe atom in bcc bulk Co environment. If the choice of the experimental Fe lattice
constant improves considerably the agreement for the bulk Co and Co in bulk Fe
hff, the difference between the bulk Fe and Fe in bulk Co hff agrees better with
the experiments for the LDA Fe lattice constant . Once we are aware of the "error"
which the LDA induces on the hff, we can conclude that a part for the value of Co
in FeCo B2 ordered alloy, the hff presented in table 5.2 and 5 .3 agrees reasonably
well with the experiments.

Let us compare now more in detail the results for the Co hffin Fe-Co sytems with
recent measurement obtained by "Co NMR experiments on FeCo alloys [JWP96,
WJP+97] .

	

In the work o£ Jay et al .

	

[JWP96], the Co hff in Fel_,Co., alloys in
the Co rich regime, i .e . x = 0 .5, 0.6 and0.6, have been measured ; the "Co spectra
were taken both as cast at T = 800°C, and after several weeks of annealing at
lower temperature, ranging from T = 400°C to T = 550°C depending on the Co
concentration . For the 50% - 50% alloy, the initial broad distribution observed in
the spectra transforms into a well defined peak after annealing, which is assigned to
Co atoms in FeCo B2 structure, with Hhf = -289 kG. This is not reproduced in our
theoretical calculations, and is indeed very puzzling since the other two hff values
for Co in bulk Co and Co in bulk Fe in the bcc structure agrees very well with the
experiments. For Co we have seen that the variation of the hff are only due to the
transferred contribution coming from the different magnetic environments, since the
local contribution due to the local magnetic moment is constant . In order to rule
out possible errors in the calculations of the B2 structure, in table 5 .2 and 5.3 are
presented three different systems from which one could deduce the hff value of Co
(Fe) in the FeCo B2 structure: (1) Co (Fe) in bulk Co (Fe) with 8 Fe (Co) NN atoms
(see Fig. 5 .16), (2) Co (Fe) as central atom in a 89 FeCo B2 cluster embedded in
bulk Co (see Fig. 5 .17), (3) a Co (Fe) atoms in the FeCo B2 bulk crystal. All the hff
agree well with each other and also with other theoretical calculations performed by
Ebert et al [EWJP90] . What about the large contribution obtained from the 2nd
shell? Since the 2nd shell, as shown in Fig. (5 .16) induces alone around -60 kG to
the central Co hff, then the hff value of a Co atom in bulk Fe environment would
reach, starting from the experimental Co in FeCo B2 value of -289kG, the value

around -350kG which is far beyond the experimental value of -287kG.

Now we can compare the physical picture arising from our calculations with the
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one deduced from the FeCo bulk alloys measurements [JWP96] . In the Fe .3 Co,7

alloy after annealing (ordering), several satellites are observed in the 59Co spectra

and assigned to Co atoms in different ordered environments ; since the satellites are

equally spaced and departing from the B2 peak at -289 kG, they are assigned to

Co in FeCo B2 structure with progressively missing Fe NN, i.e . Co plus 8 Fe NN

(B2), Co plus 7 Fe NN, Co plus 6 Fe NN etc. Assuming the linear dependence of the

Co hff with respect to the number of Fe atoms in the surrounding two shells (the

contribution from higher shell is very small), a model is deduced from the satellite
peaks observed in the different FeCo alloys spectra. We can summarize the model

proposed by Jay et al. [JWP96] in the following:

1 Each Fe substituted for Co in the 1st shell (NN) adds about -11 kG

2 The effect of Fe substituted for Co in the 2nd shell (NNN) depends on the
number of Fe atoms in the 1st shell and varies from +5 kG/(FeNNN) in
configurations 8 Co NN, to -7 kG/(FeNNN) in configurations with 8 FeNN .

The statement (1) is explicitly in disagreement with our theoretical findings, e.g. see
Fig. (5.17), since we observe a sensibly smaller hff contribution from the 1st shell,
i.e . -3 to -4kG/(FeNN) . Moreover also the statement (2) is in disagreement with
the results presented in Fig. (5.17) ; the contribution from the 2nd shell, when filled
with Fe, indeed presents some changes depending whether the 1st shell is filled with
Fe or with Co atoms, but these changes are small and the contributions from the 2nd
shell remains negative and no change in sign is observed . On the other hand while
the model proposed by Jay et al. is able to explain the large value measured for the
Co in the FeCo B2 alloy, it fails to reproduce the limit of a Co atom surrounded
by Fe atoms, i.e . Co in bulk Fe, predicting an hff o£ -320 kG which is 32 kG off
the measured value of -287 kG [Kra83] . It is however surprising that if such a
clear discrepancy with the experiments is found for the Co hff in FeCo B2 alloy, the
calculated Fe hff instead is qualitatively correct for B2 structure, being predicted to
show the larger (more negative) hff in comparison to the two other configurations
presented in table 5 .3, i.e . Fe in bulk Fe and Fe in bulk Co.

The same authors also studied the Co hff in Fe/Co multilayers by means of
similar NMR experiments, and the peaks in the 59 Co spectra reinterpreted in light
of the model proposed above for bulk alloys . It is beyond the scope of this work
to compare in detail also with the results of Fe/Co multilayers, since the strong
interdiffusion expected in the system makes the comparison between the idealized
sharp interface and the real interdiffused one very difficult.
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Summary
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To conclude we can summarize the comparison for the Fe and Co hff in Fe-Co alloys
between theory and experiment, where good agreement as well strong discrepancies
are found.

A very good agreement is found for the hff values of Co in bcc bulk Co, as well
in bcc bulk Fe . One should however keep in mind that for bcc bulk Co a non-8
contribution arises due to the orbital moment which is larger than for Fe, i.e .
Hns = +50 kG [GE96], which overcompensate the increase in the s valence
contribution of -20 kG, and leads to a somewhat worse agreement with the
experiments.

" A qualitative agreement is also found for the Fe hff; the increase of the Fe hff
from the Fe in bcc bulk Fe enviroment to the Fe in FeCo B2 ordered alloy, and
the subsequent decrease towards the Fe in bcc bulk Co is correctly described
and explained by the interplay between the core contribution and the valence
contribution to the total hff. The absolute value of the Fe hff are nevertheless
systematically underestimated due to the failure of the LDA in reproducing
the s core polarization mechanism .

" The main discrepancy is relative to the hff of Co atoms in the FeCo B2 ordered
alloy; in all the calculations performed to simulate the B2 structure, the Co
hff was several tens of kG's away from the value found in the experiments .

From the measured spectra, a model is deduced regarding the origin of the

Co hff as a function of the Fe atoms in the 1st and 2nd shells ; the larger

contribution is assigned to the 1st shell while the 2nd shell contributes with

both positive or negative sign depending on the filling of the 1st shell. This

is also in strong disagreement with the picture arising from our calculations .

For the bcc structure, a large contribution from the 2nd shell in observed,

significantly larger than the one of the 1st shell ; moreover no change in the

sign is predicted from the atoms of the 2nd shell of atoms as a function of the

filling of the 1st shell.

At the present time, it is not clear whether the inclusion of non-local contributions

to the exchange-correlation functionals, e .g . by means of the OEP method, could

improve the comparison between theory and experiments regarding the Co hff in

the FeCo B2 ordered alloy; since these kind of calculations are still in an early stage

[AK99, Kot98] this question remains at present unanswered.
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Chapter 6

Vicinal surfaces and magnetic rows

In this chapter I present calculations of vicinal surfaces and 4d monoatomic rows on
Ag vicinal surfaces . The magnetic moments of the monoatomic rows are discussed
and compared with the results existent in the literature for finite-length chains,
adatoms, and monolayers of 4d elements on the Ag(100) surface; moreover at the
end of the chapter I discuss the stability of the antiferro- vs . ferro-magnetic solutions
by means of total energy calculations . Due to the extreme computational demand
of the calculations, the following results can be considered as a first challenging test

for the N-scaling behaviour of the SKKR method.

6.1

	

High Miller index surfaces

In this section I give a brief description of the notation used in the literature to

characterize the "high Miller index" surfaces, known also as vicinal surfaces . Since

in the next sections I will present results for fcc Ag substrates, I limit the discussion

to the fcc crystals . In the following I adopt the notation proposed by Van Hove and

Somorjai [HS80], and refer to this article for a detailed discussion of fcc high-index

surfaces .
Low Energy Electron Diffraction (LEED) studies reveal that, if a crystal is cut

along a high index plane, the obtained faces exhibit an ordered array of periodic

steps of mono-atomic height that separate atomic terraces . I have sketched in Fig.

(6 .1) the simple case of a 1-dimensional surface with Miller indices (h, k) of a 2-

dimensional crystal; the stepped surface shows terraces of low Miller indices (ht , k t ),

and mono-atomic-height step faces which can also be characterized by low Miller

indices (h s , ks ) . Each low-index piece of a surface we shall call "microfacet" .

If we consider the more difficult case of a 3-dimensional crystal, an arbitrary
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Figure 6 .1 : Schematic picture of a vicinal surface (h, k) in 2 dimension; the vectors
represent, in the micro£acet notations, the Miller indices of the vicinal plane, of the
terrace and of the step atoms.

surface can be decomposed uniquely in terms of three microfacets. The vicinal
surfaces present often kinks at the step edges (kinked surface) or additional step
structures at the terraces (stepped stepped surface) . If we restrict ourself to the vici-
nal surfaces with Miller indices (hkl) that have a common step orientation (hsksls ),
but variably-sized terraces of fixed orientation (htktlt), we can write the following
microfacets decomposition

(h, k, l) = mt x (ht, kt, lt) + (hs, k9 , ls)	(6 .1)

where mt represents the size of the terrace. Moreover if we restrict the study to
surfaces with Miller indices (hkl) which have no kinks, either two of the three indices
are equal or one of them has to vanish .

Keeping these rules in mind, I present in table 6.1 the classes of high Miller
index surfaces for an fcc crystal, with terraces oriented in one of the low Miller index
directions, i.e . (100), (110) and (111), together with their microfacet decomposition;
the classes listed in table 6.1 present normal stepped surfaces without kinks and
without stepped terraces .

This microfacet decomposition of the vicinal surfaces provides us of a new nomen-
clature, which becomes very usefull if we want to point the attention to the faceting
of the steps atoms. For instance the fcc (331) vicinal surface, which belong to the
class of vicinal surfaces with Miller indices (m, m, m - 2) with (111) terrace orien-
tation, can be decomposed in microfacets and characterized by the "step notation"
3(111) x (111) where 3 is the number of atom in the terrace, the first set of low
Miller indices characterizes the terrace orientation and the second characterizes the
faceting of the step edges. In table 6.1 the step notation for the different classes of
vicinal surfaces is also given.



6.1 HIGH MILLER INDEX SURFACES

Table 6 .1 : Classes of vicinal surfacQs for an fcc crystal ; for each vicinal surface family
the microfacet decomposition and the step notation is given.

The concept of "vicinal surface" will be used in the next sections as follows. Let
us consider in Fig. (6 .2a) a slab of material composed of N layers tilted in an high
Miller index direction and being embedded in some vacuum layers ; the surface layer

turns out to be composed by an ordered array of monoatomic rows which point along

a direction perpendicular to the picture's plane. A "vicinal" slab represents therefore

the most natural template for the study of infinite 1-dimensional structures .
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Figure 6.2 : a) Monoatomic rows at the step edge position ; b) Monoatomic rows at

a terrace position .

If we place an overlayer on a high Miller index substrate, we "decorate" each step

edge of the substrate with an infinite monoatomic row. Inserting some additional

vacuum layers (see Fig. (6.2b)), between the substrate and the overlayer we can move

the rows away from the step edges towards the center of the terraces; moreover if we

place on the substrate a number of overlayers equal to the number of atomic rows

(hkl) Microfacet decomposition Step notation
fcc (100) terrace

(2m - 1,1,1) 2m x (100) + 1 x (111) m(100) x (111)
(m + 1, 1, 0) m x (100) + 1 x (110) (m + 1) (100) x (110)

fcc (110) terrace
(2m - 1, 2m - 1,1) 2m x (110) + 1 x (111) m(110) x (111)
(m + 1, m, 0) m x (110) + 1 x (100) (m + 1)(110) x (100)

fcc (111) terrace
(m, m) m - 2) (m - 1) x (111) + 1 x (111) m(111) x (111)
(m + 2, m, m) m x (111) + 2 x (100) (m + 1)(111) x (100)
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in the terraces, we obtain a full stepped monolayer coverage of the substrate. We

can therefore study the properties of the monoatomic rows at different step edges
simply by changing the substrate orientation, i.e . choosing one of the classes listed
in table 6.1 ; the choice of the particular vicinal surface, which by means of Eq. 6.1
coincides with the choice of the size of the terraces, will be driven by two practical
necessities.

" In first place, the number of atomic rows mt which compose the terraces should
be sufficiently large to sufficiently suppress the step-step interactions, which
can lead to some inaccuracy in the calculated electronic and magnetic proper-
ties at the step edges.

" Secondly mt has to be suffiently small because the computational effort in
the calculation increases with the width of the terraces . This becomes evident
when one looks at the shape of the matrix Mintroduced in section 4 .4 for these
systems; since the interlayer distance between the "vicinal layers" decreases
proportional to mt (while the angle between the vicinäl orientation and the
terrace orientation decreases with the width of the terraces) the reference
structure constants will couple alarger number of layers, increasing the number
NP of layers in each Principal Layer (PL) . The number NP depends on the
orientation but also on the size of the TB-cluster so that a generalized formula
connecting NP with the class of vicinal surfaces is not possible . For example
if the TB-clusters are considered up to the second neighbour shell (19 atoms),
NP = 8 for an fcc (410) vicinal surface, and NP = 10 for an fcc (510) vicinal
surface having one atomic row more in the terrace; the required computing
time for the calculation o£ the diagonal elements of M-1 , needed in the self-
consistency procedure, increases as Np .

6.2

	

Step edges on the fcc (100) terrace : Cu and
Ag step energies

Since we are mainly interested in fcc subtrates which present terraces with (100)
orientation, let us discuss in more detail the morphology of the fcc (100) terrace. As
shown in Fig. (6.3), on the fcc (100) terrace two different kinds of step edges exist;
I indicate them, following the "step notation" introduced in the previous section,
as (100) x (111) and (100) x (110) . The (100) x (111) step is close-packed, i .e . the
atoms in the step edge are nearest neighbours (NN), with (111) faceting, while the
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(100) x (110) is an open step, i.e . the step atoms are second neighbours (NNN),
with (110) faceting . The two classes of vicinal surfaces which cut the crystal along
these step edges, are the (2m - 1,1,1) and the (m + 1, 1, 0) one, with respectively
m and (m + 1) atoms wide terraces .

The coordination number n, is different for the two step edges. An atom sitting
in the close-packed (100) x (111) step has 4 NN in the substrate layer below and 3

NN at the terrace positions, i.e . n(~.ii) = 7, while at the open (100) x (110) step, it

has 4 NN in the substrate layer but only 2 NN in the terrace, i.e . n~~ .1°) = 6.
Using a simple broken bonds model, we ob-
tain that in order to create the (100) x(111)
step we have to break 5 of the 12 bonds in
the first shell, while for the (100) x (110)
step 6 bonds have to be broken ; the (100) x
(111) step should therefore be more sta-
ble than the (100) x (110) . This is indeed

in agreement with the experimental obser-
vations that (111)-faceted steps are pref-
erentially formed in thermal equilibrium

(100) x (111)

	

(100) x (110)
[TAK94] .

Figure 6.3 : Step edges on the (001) sur-

	

The stability of the steps is thus related

face

	

to the excess step energies. Since, as we

saw in section 4.6, reliable surface energies

can be calculated by means of the SKKR method, and since the calculation of

the step energies can be traced back to the calculation of the surface energies of the

relative vicinal surfaces, I present in the following the calculation of the (100) x (111)

and (100) x (110) step energies for Cu and Ag fcc crystals . As discussed by Vitos

et al . [VSK99], the energy per atom of a step edge on a certain terrace, can be

calculated from the following equation
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- lim [E''°icinal _ (Mt _ 1)Esurface] - fstepEsurface

	

(6.2)
step - mt-+oo

surf

whereEurfal is the surface energy per atom of the high Miller index surface which

cuts the crystal along the desired step edges, and Esurfa~e is the surface energy of the

surface with the same low Miller indices as the terrace. This formula is obtained by

simple arguments comparing the different unit areas that the high and low index

surfaces present in the plane. The factor fstep in Eq. (6.2) corrects the fact that the

step may not arise at a right angle from the terrace. The limit limmt,oo in the above

equation indicates that the considered vicinal surface has to contain a number mt



94

	

CHAPTER 6. VICINAL SURFACES AND MAGNETIC ROWS

of atoms in the terrace sufficiently large in order to suppress step-step interactions .

For the case under interest, I have choosen the fcc(711) and fcc(410) (see Fig. (6.4))
vicinal surfaces, which present terraces of 4 atomic rows, i.e . mt = 4; fstep has for

these two steps the values f(100) x (iii) == 1 and f(100) x (iio) = 1

	

These two vicinal
surfaces will be discussed in more detail in the next section.

Table 6.2 : Cu and Ag step energies for (100) x (111) and (100) x (110) step edges;
for comparison with the literature, the results obtained by means of the LMTO-GF
and pseudopotential methods are included [VSK99, YS97] . In order to simulate the
two step edges, the fcc (711) and (410) vicinal surfaces have been used ; the terraces,
4 atomic rows wide, are sufficiently large to suppress possible step-step interactions .

In table 6 .2 I show the results for the Cu and Ag step energies comparing with
two sets of ab initio calculations existent in the literature, obtained by means of the
LMTO-GF method [VSK99] and by means of the pseudopotential technique [YS97] .
The SKKR and the LMTO-GF step energies were obtained, as for the related surface
energies in section 4.6, for the experimental and GGA lattice constants respectively ;
for the Ag step energies both the KKR and LMTO results differ sensibly, especially
for the open step, from the pseudopotential results, since these last results were
obtained allowing the step atoms to relax from their ideal positions. As mentioned
by Vitos et al . [VSK99}, the relaxation at step edges are believed to influence more
considerably the step energies than the surface energies, and changes up to 20- 25%
have to be expected . Another important point to mention, is that the present results
were obtained by means of non relativistic calculations while the results of Vitos et al.
were obtained using the scalar-relativistic approximation. Therefore the agreement

Cu Step energies (in eV/atom)

Step type SKKR LMTO-GF
(Vitos et al.)

(100) x (111) 0 .228 0 .200
(100) x (110) 0.436 0.363

Ag Step energies (in eV/atom)

Step type SKKR LMTO-GF
(Vitos et al.)

PSEUDOPOT.
(Yu et al. )

(100) x (111) 0.160 0.158 0.130
(100) x (110) 0.288 0 .231 0 .156
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between the SKKR and the LMTO-GF step energies is slightly better in the case
of Cu substrates than for the Ag substrates; for heavier elements relativistic effects
become more and more important, and they have to be included in order to obtain
accurate total energies .

In order to check whether step-step interactions are present for the choosen
vicinal surfaces, convergence tests with respect to the numbers mt of rows in the
terrace have been performed. Calculations for the fcc (410) and fcc (510) Ag vicinal
surfaces with 4 and 5 atomic rows yield practically identical results for the Ag
(100) x (110) step energies, i .e . Est°p = 0 .288eV/atom for the (410) and Et°P _
0 .285eV/atom for the (510) vicinal surfaces . Thus the results for the step energies
presented in table 6 .2 are converged with respect to the terrace width .

6.3

	

The fcc (711) and (410) vicinal surfaces

In this section I discuss in more detail the results for the Ag (711) and (410) vicinal

slabs used to derive the step energies presented in the previous section ; similar slabs

but with a thinner Ag substrate will be used for the monoatomic rows calculations .

The lattice constant of Ag was choosen to be the experimental one, alatt = 7.78 a.u . .

Because of the very small interlayer distance, many more layers were considered in

comparison to the low Miller index surfaces, in order to reach a good Ag bulk in

the middle of the slab . The slabs are composed of 40 layers, 28 Ag layers in the

substrate and 6 vacuum layers at each side of the substrate . The vicinal slabs

present very open surfaces ; as a consequence of that, the area of the 2D-Brillouin

zone is smaller than in the case of low-index surfaces . However at the same time the

asymmetry between the periodicity along and perpendicular to the row direction

leads to a reduction of the symmetry in real and reciprocal space ; for instance in the

case of the two vicinal surfaces under consideration, only the mirror symmetry with

respect to a plane perpendicular to the row axis and the inversion symmetry hold

and therefore the irreducible part of the BZ in only 4 of the whole 2D-BZ (compared

to $ for the (100) surface) .

In order to predict roughly the number of qjj-points needed for an accurate sam-

pling of the Brillouin zone, one can compare with the case of the low index surfaces .

For a correct BZ sampling the choosen qjj-point mesh has to be fine enough to in-

tegrate correctly the peak structures that the Green's functions present especially

near the real energy axis . If we compare the qjj-point density for the high and low

index Brillouin zones, in the case of high-index surfaces with Miller indices (hkl)



96 CHAPTER 6. VICINAL SURFACES AND MAGNETIC ROWS

The Ag(711) slab

Table 6.3 : The fcc Ag (711) vicinal slab . In the upper table the area of the 2D BZ,
the number of symmetries used in the reciprocal space, the number of qjj pts . used
for contour energies, the number Np of layer in each PL and the interlayer distance
are listed . In the lower table the s p d f and total charges together with the total
energies are listed for the upper half of the slab and for the bulk fcc Ag crystal .

Layer N. s p d f sum
Total energy

(in Ry)
Vc+6 0.0022 0 .0017 0.0004 0.0000 0.0045 -0 .00194
Vc+5 0.0031 0 .0021 0 .0005 0.0001 0.0060 -0 .00248
Vc+4 0.0448 0 .0387 0.0181 0.0085 0.1102 -0 .06110
Vc+3 0.1157 0 .0867 0.0379 0.0175 0.2579 -0 .13320
Vc+2 0.1191 0.0864 0 .0380 0 .0175 0.2612 -0.13492
Vc+1 0.1630 0.1158 0 .0506 0 .0225 0.3521 -0.17412
Ag S 0.6187 0.3310 9 .6827 0 .0434 10.6759 -10390.09356
Ag S-1 0.6215 0.3941 9 .6776 0 .0503 10 .7436 -10390.14788
Ag S-2 0.6149 0.3953 9.6729 0.0503 10 .7336 -10390.15397
Ag S-3 0.6280 0.5163 9.6611 0.0638 10 .8693 -10390.24268
Ag S-4 0.6292 0 .6191 9.6669 0.0776 10 .9929 -10390.32241
Ag S-5 0.6326 0 .6197 9.6649 0.0780 10.9953 -10390 .32361
Ag S-6 0.6379 0.6206 9.6619 0.0780 10.9986 -10390 .32614
Ag S-7 0 .6396 0.6156 9.6639 0.0789 10.9981 -10390 .33067
Ag S-8 0 .6355 0.6242 9.6594 0.0787 10.9980 -10390 .33532
Ag S-9 0 .6390 0.6241 9.6586 0 .0787 11.0005 -10390 .33482
Ag S-10 0 .6402 0.6209 9.6603 0 .0787 11.0002 -10390 .33378
Ag S-11 0.6429 0.6167 9.6617 0 .0787 11.0001 -10390 .33249
Ag S-12 0.6431 0 .6168 9.6618 0.0787 11 .0006 -10390.33193
Ag S-13 0.6422 0 .6185 9.6609 0.0787 11 .0004 -10390.33237
Ag bulk 0.6409T0,6189 9.6613 0.0787 11 .0000 -10390 3326E

A2D-BZ N . of symm. N of qll pts
Np

dz
(unit of [2d]2) (in the contour) (unit of alatt)

- 0.5601 4 43 8 -0.1400
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The Ag(410) slab
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Table 6.4 : The fcc Ag (410) vicinal slab . In the upper table the area of the 2D BZ,

the number of symmetries used in the reciprocal space, the number of qjj pts . used

for contour energies, the number Np of layer in each PL and the interlayer distance

are listed . In the lower table the s p d f and total charges together with the total

energies are listed for the upper half of the slab and for the bulk fcc Ag crystal.

Layer N. s p d f sum
Total energy

(in Ry)

Vc+6 0.0029 0.0021 0.0005 0.0001 0.0057 -0.00233

Vc+5 0.0210 0.0185 0.0087 0.0041 0.0525 -0.02853
Vc+4 0.0782 0.0614 0.0273 0.0128 0.1799 -0.09301

Vc+3 0.1135 0.0870 0.0381 0.0175 0.2563 -0.13113

Vc+2 0.1235 0.0899 0.0390 0.0177 0.2702 -0.13645

Vc+1 0.2022 0.1400 0.0611 0.0271 0.4305 -0.20288

Ag S 0.5973 0.2802 9.6855 0.0373 10.6004 -10390 .05756

Ag S-1 0.6209 0.3957 9.6785 0.0501 10 .7454 -10390 .14274

Ag S-2 0.6180 0.3973 9.6722 0 .0503 10 .7380 -10390.15692

Ag S-3 0.6230 0.4591 9.6619 0.0570 10 .8011 -10390.20354

Ag S-4 0.6271 0.5731 9.6608 0.0704 10.9316 -10390.28241

Ag S-5 0.6308 0.6170 9.6680 0.0776 10.9936 -10390.32172

Ag S-6 0.6358 0.6199 9.6632 0.0780 10.9971 -10390.32416

Ag S-7 0.6407 0.6148 9.6645 0.0782 10.9983 -10390.32609

Ag S-8 0.6389 0.6182 9.6630 0.0786 10.9988 -10390.33027

Ag S-9 0.6359 0.6249 9.6587 0.0788 10.9985 -10390.33415

Ag S-10 0.6392 0.6222 9.6599 0.0786 11 .0001 -10390.33500

Ag S-11 0.6401 0.6215 9.6596 0.0787 11 .0000 -10390.33361

Ag S-12 0.6429 0.6180 9.6611 0.0787 11 .0007 -10390.33330

Ag S-13 0.6438 0.6167 9.6608 0.0789 11 .0003 -10390.33203

Ag bulk 10 .6409 0.6189 9.6613 10.0787 1 11 .0000 1 -10390.33206

A2D-BZ N. of symm. N of qll pts N
P

dz
(unit of [2Q12) (in the contour) (unit of alatt)

^_- 0.4851 4 43 8 ^_, 0.1212
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vicinal to the (100) direction, the following relation holds,

(100)

	

(hkt)ng11

	

ng, i

`42BZ

	

NSYmm

	

A2r,
2BZ

kt) / ~rSYmmY )

which offers a good estimation of the number of q11-points necessary to use in the self-
consistency procedure, where Nsy,nm and A2BZ and ngii are respectively the number
of symmetries, the area of the 2D-BZ and the number of qjj points in the irreducible
part of the 2D-BZ.

I list in tables 6.3 and 6.4 for the fcc (711) and fcc (410) vicinal surfaces, together
with the above parameters, the size of the Principal Layer Np, the value of the
interlayer distance dz, the l decomposed, i.e . s, P, d and f, charges inside the
Wigner-Seitz sphere together with the total charges and in the last row the results
for a bulk Ag calculation performed by means of the SKKR program for 3D periodic
systems. For the calculation of the screened structure constants, a TB-cluster which
couples up to the 2nd shell (19 atoms) was considered . In the last column I report
also the total energies per atom for the different Ag and Vacuum layers in the slab .
The number of Ag layers which compose the substrates had to be suffiently large
since, as discussed in section 4.6, a good bulk total energy in the middle layer of
the substrate is the necessary condition for an accurate determination of the surface
energies . As already discussed in the literature [Fei95, SS96] it turns out that, for
the 4 atoms wide terraces, vicinal surfaces substrates with up to 6 - 7 "low Miller
index " layers have to be considered, which correspond to 24 - 28 vicinal layers ; for
such slab thicknesses the total energies of the middle layers in the Ag substrate, as
shown in tables 6.3 and 6.4, agree with the bulk values up to several tenths of mRy.

6.4

	

Magnetic 4d monoatomic rows

In the last decades many efforts have been devoted to the understanding of the effectsof spatial confinement on the magnetic properties of ultrathin transition metal films[HOMW98] . Among all materials, the one which are on the borderline of magnetismare the more interesting to study, since they exhibit the largest and more unexpectedchanges regarding their magnetic properties . The 4d and 5d elements are perhapsthe best candidates for such studies ; nonmagnetic as bulk metals they were predictedto be magnetic as 2-dimensional monolayers, e.g . Tc, Ru, Rh, Os, Ir overlayers onthe Ag(001) or Au(001) surfaces [Blü92a, Blü92b, WF92] . On the most extreme sideof spatial confinement, i.e . as adatoms on surfaces, they indeed were predicted to
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show on the Ag and Cu substrates large magnetic moments, which are of the same
order of magnitude as the ones observed for 3d impurities [LSW+94] in the bulk .

While in the past many experimental methods have been used to observe fer-
romagnetism of monolayers, rather few of them have the necessary sensitivity to
detect the magnetic moments of "surface impurities" . Motivated by the unexpected
theoretical foundings presented by Lang et al. [LSW+94], Bergmann and cowork-
ers performed by means of the weak localization method several measurements for
adatoms and clusters up to the monolayer regime of 4d elements on Ag anf Au sub-

strates [SB96, BSLB96, BB97] . They succeded to detect a magnetic moment for Nb
impurities on Ag and Mo impurities on Au, in agreement with the theory [LSW+94],

whereas no magnetism was observed for the 4d monolayers . Even from the theore-

tical point of view the 4d elements showed more than one puzzling behaviour . The

magnetic properties of 4d nanostructures (chains and clusters) on Ag [WSL+95]

showed an oscillatory behaviour as a function of the size of the systems . Turek et

al. [TKS+95] presented a possible explanation for the strong disagreement between

theory and experiments for the Ru and Rh monolayers, showing that imperfections

in the monolayers plane can reduce and even suppress the magnetic moments ; a

similar study for imperfect clusters [SHR+99] goes in the opposite direction, pre-

dicting in certain situations an increase of the 4d magnetic moments in the presence

of imperfections .
If, as discussed briefly above, 0-dimension (impurities) and 2-dimensions (mono-

layers) 4d structures on noble metals have recieved considerable attention, very

few works so far presented results for 1-dimensional systems, i.e . monoatomic

rows. From the theoretical side, because of the computational effort needed to

balance the loss of symmetries, this problem has only been tackled with semi-

empirical methods rather than from an ab initio point of view . By means of

tight-binding model Hamiltonians the Magnetic Anisotropy Energy (MAE) of finite

length chains of 3d elements [DDP98], and the row-row magnetic interactions for

Co row on Pd(110) [RIV00] has been reported . Very recently similar results for Rh

monoatomic rows on Ag [BHS+00] have been presented. From the experimental

point of view, only the modern techniques like Scanning Tunneling Microscopy

(STM) [CLE93, Bes96, RHB+93] and Molecular Beam Epitaxy (MBE) together with

real-time control of the deposition stage obtained by thermal Energy Atom Scatter-

ing (TEAS) [BKMK98, GBB+00a, DCE+00], provided recently the tools for the real-

ization of such 1-dimensional (or quasi 1-dimensional) systems . The particular mor-

phology of the fcc (110) surface, composed by close-packed rows of atoms separated

by channels, was used as a template to grow linear Cu chains [RHB+93, BHF+94] by
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diffusion controlled aggregation at Pd(110) surfaces. Even more suited to grow 1-
dimensional structures are the vicinal surfaces (or high Miller index surfaces) which,
with their ordered array of steps, present an ideal template for the growth of wire
superlattices by means of step decoration [GBB+00a, GBB+00b, DCE+00] . This
last works were the first to present the growth of real monoatomic rows ; in previous
attempts only multiatomic rows were obtained [FKBK99, SSK+97] with widths of
the order of few nanometers .

6 .4 .1

	

Magnetic 4d rows at Ag (100) step edges
In this section I present the results for 4d magnetic monoatomic rows on fcc (711)
and fcc (410) Ag vicinal surfaces; the slabs used to simulate the decoration at the
two different step edges, the (100) x (111) and the (100) x (110), are shown in Fig.
(6.4) . These slabs are somewhat thinner than the one used for the calculation of

(4l0) (100)

<100> {1101
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Figure 6.4 : The fcc (711) and fcc (410) slabs which were considered for the magnetic
rows calculations ; for both the slabs 14 Ag -f- 6 vacuum layers at each side were
considered, i .e . 28 inequivalent atoms.

the step energies ; they are typically composed of 4 "low Miller index " planes in the
Ag substrate, i.e . 16 Ag vicinal layers . For the limited size of the systems a small
row-row interaction between the rows on the two sides of the substrate appear in
the systems ; test calculations have shown that the magnetic moments changed by
no more then few hundredths of AB, when up to 4 Ag vicinal layers were added
in the substrates ; the bigger changes were registered for the Tc and Ru rows, i.e .
AM = f0.05p,B .

In this section I discuss only the ferromagnetic solutions obtained for the rows ;
for the elements at the beginning of the transition metal series (3d, 4d and 5d)
[HS83] also antiferromagnetic solutions exist, and I will discuss them separately in
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section 6 .4.3 . The magnetic moment profiles for the 4d monoatomic rows on the two
vicinal fcc Ag (711) and (410) substrates are shown in Fig . (6.5 a) and Fig . (6.5
b) . For each step orientation the rows were placed both in step edge and terrace
positions ; the value for the terrace positions will allow us to simulate the (100)
terrace environment and therefore to compare with the results for adatoms, chains
and monolayers present in the literature on the Ag(100) surface .

fcc (711) - terrace position

	

0 fcc (410) - terrace position

fcc (711) - step edge position

	

0 fcc (410) - step edge position
4

u

Figure 6.5 : Magnetic moments of 4dmonoatomic rows on the fcc Ag (711) (fig . a) and
fcc Ag (410) (fig . b) vicinal surfaces used to simulate respectively the close-packed
(100) x (111) and open (100) x (110) rows . The rows were placed both in terrace
(circles) and step edge (squares) positions of the (001) Ag terraces .

A direct comparison between the magnetic moment profiles for the two different
step orientation shows that the magnetic moments for the close-packed rows along
the (110) direction (Fig . (6 .5a)) are smaller than the ones for the open rows along
the (100) direction (Fig . (6 .5b)) for all the elements except Rh. The main reason for
this decrease in the magnetic moments is the 4d-4d hybridization acting between the

atoms in each row which is much larger for the close-packed rows than for the open
rows, where neighboring row atoms are separated by a 2nd neighbor distance . The
role of the 4d hybridization was already discussed by Bliigel [Blü92a] in the case of 4d

monolayers on Ag, Au and Pd (001) surfaces and by Willenborg et al. [WZD92] in

the case of single impurities and dimers in bulk Ag. The d-d hybridization between
the 4d orbitals increases the bandwidth, thus broadening the density ofstates (DOS)
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Mo row

80

Rh row

- (100)x(110)-open
---- (100)x(111)-close-packed

E - EF (eV)

	

E - EF (eV)

2

Figure 6.6 : Density of States (DOS) for the Mo and Rh magnetic rows at the two
step edges (100) x (111) and (100) x (110) ; the 4d-4d hybridization mechanism is
different for the two elements depending on the position of the virtual bound state
peak relatively to the Fermi energy EF .

obtained e.g . in a paramagnetic calculation .
In Fig. (6.6) I show the paramagnetic DOS for the two representative cases of

open and close-packed rows for Mo and Rh, obtained by means of non-spin-polarized
calculations . This broadening has two different effects depending on the position
of the virtual bound state peak relatively to the Fermi energy EF ; i£ the peak is
very near to the Fermi energy a broadening in the bands causes a reduction of the
DOS at the Fermi level (i.e . the Mo case), while if the peak is below EF it produces
an opposite effect and the DOS increases at EF (i .e . the Rh case) . From a simple
Stoner description, the condition n(EF)I > 1 (with I the exchange integral) favors
the existence of a magnetic moment for those systems which present a high DOS at
the Fermi level; the hybridization between the atoms in each row thus reduces the
magnetic moments for all the elements up to Ru since the virtual bound state peak
is near to the Fermi energy, while it enhances the magnetic moment for Rh . As
observed by Blügel [Blii92a] the reduction of the magnetic moments from the single
adatoms to the monolayer is accompanied with a progressive shift of the maximum
to higher valencies; this is also observed in our case when one compares the results
for the open rows with the close-packed ones for which the maxima shift from Mo to
Tc (see Fig. (6.5)) . This hybridization mechanism is also present for the 3d elements
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as was shown in [BDZD89] by comparing the results for overlayers on Ag (001) and
impurities in bulk Ag; in this case because of the much smaller spatial extent of the
3d wave functions only minor changes were observed in the magnetic moments, i.e .
only a small systematic shift of the local moment towards higher valencies in the
monolayer case . In the particular case of the magnetic rows presented in Fig . (6.5
a and b) , the strong 4d-4d hybridization quenches the moments of Zr and Nb and
reduces the magnetic moment of Mo up to more than 40%. This reduction become
less and less efficient moving to the end of the series and for Rh the opposite trend
is observed and a small moment of around 0.61.IB is predicted .

Since in the open rows the interatomic distance is the one of second neighbor bulk
atoms, the hybridization between the 4d orbitals is sufficiently weak and the atoms
in the row behave, regarding their magnetic properties, practically like isolated
adatoms; this is even quantitatively the case as is shown in Fig. (6.7), where the

magnetic moments for the 4d open rows in the terrace position (Fig . (6.5b)) are
compared with the one for single 4d impurities in the adatom position on the Ag

(001) surface [LSW+94] .

5

4

3

2

0

"---"adatoms
C>--O open rows

Figure 6.7 : Comparison between the 4d (100) x (110) open rows in terrace position

(open circles) and single 4d adatoms (closed squares) [LSW+94] on the (001) terrace .

The results for the 4d close-packed rows can be viewed as the 1-dimensional link

between 0-dimensional systems represented by the single adatoms and 2-dimensional

systems represented by the monolayers . We can thus summarize in Fig . (6 .8) the

results for these three different systems being adsorbed on the Ag (001) surface, by

including the results for the adatom of Lang et al. [LSW+94] and the results for the
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monolayers obtained by Blügel [Blü92a] . With increasing dimensions the increase

O--O OD - Adatoms
O---O 1D - Rows
E~-~2D - Monolayers

Figure 6 .8 : Effect of the dimensionality on the magnetic moment profile . Shown are
the results for adatoms (circles) [LSW+94], infinite rows (diamonds) and monolayers
(squares) [Blü92a], i.e . 0-D, 1-D and 2-D sytems, of the 4d series on the Ag(001)
surface .

in the 4d-4d hybridization leads to the progressive decrease of the local moments for
the elements at the beginning and center of the series and to a simultaneous shift
of the maximum in the moment profile towards higher valencies which is assumed
respectively by Mo for the adatoms, by Tc for the adsorbate rows and by Ru for
the overlayers . In the limit of 3-dimensional systems, i.e . as bulk crystals, this
reduction is strong enough to quench the magnetic moments of all the elements and
no ferromagnetism is observed for the whole 4d series .

Another evident feature from Fig. (6.5a) and (6.5b) is that when the magneticrows are shifted from the middle of the terraces to the step edges, for both the
orientations, a decrease of the magnetic moments is observed . This is due to the
increase in the hybridization between the extended 4d wave functions of the rowatoms and the sp-like valence electrons of the Ag step atoms. This mechanism wasalready observed when free 4d dimers were compared with dimers adsorbated on theAg(001) surface [WSL+95] ; in that case the hybridization with the Ag substrate wasso relevant that the magnetic moments found for the free dimers in the beginning ofthe 4d series (Y,Zr,Nb) were completely quenched and the moments of Mo reducedby a factor of two. Since the magnetic moments are sensitive only to the very localenvironment and in a very good approximation only to the first atomic shell, i .e . to
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the coordination number N,, the decrease in the magnetic moments can be described
by an increase in N, for the row atoms from the terrace position to the step edge
position . As can be easily deduced from Fig.(6.3), a row atom gains respectively
2 Ag neighbors for the open (100) x (110) row and only 1 Ag neighbor for the
close-packed (100) x (111) row moving from the terrace to the step edge . Another
general feature is that the reduction of the magnetic moments is more enhanced in
the beginning of the 4d series . This has its justification in the larger spatial extent of
the 4d orbitals for the elements with lower valencies in the series ; in short the earlier
elements are more sensitive to the environmental changes than the later elements in
the series .

We can now proceede comparing the present results for the infinite rows with the
results obtained by Wildberger et al . [WSL+95] for small 4d chains on the Ag(001)
surface, which initiated the present study. In that work, an unusual oscillatory
behaviour was predicted for the magnetic moments of finite length 4d chains as -a,
function of the chain length ; only chains along the (110) direction, i.e . the close-
packed one, were investigated and only up to 4 atom chains were studied. The
results for the 4d close -packed rows at terrace position (open circles in Fig. (6.5b))
may thus be viewed as the extension to infinite length of the chains presented by
Wildberger et al. [WSL+95] . Their prediction of existence of finite moments in the

limit of infinite chains is thus verified by the present results.

0---0 2atom chain
0---03 atom chain
--" infinite chain

Figure 6 .9 : Comparison between the magnetic moments of finite-length 4d chains

[WSL+95] and infinite ones (for closed packed rows, Fig. (6.5a) filled circles) on the

Ag(001) surface.
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In order to compare quantitatively the magnetic moments, I include in Fig. (6 .9)

the results for the infinite rows together with the profile of the magnetic moments for
the 2 atom and 3 atom chains ; the magnetic moments presented for the finite length
chains is in reality an "average" magnetic moments, since atoms along the chain
have different moments depending on the position in the chain (i .e . in the middle or
at the end) . I do not include the results for the 4 atom chain since their magnetic
moments are almost equivalent to the ones of the dimers (see Fig.(3) in reference
[WSL+95]) . As evident from Fig.(6.9) the magnetic moments for the infinite rows
resemble very well the one for the dimers (and thus for the 4 atom chain), and both
differ sensibly from the trimers (3 atom chains) for Mo and Tc. Since no results are
available for longer chain, i.e . N > 4 with N the number of atoms in the chains,
it is difficult to say whether a true oscillatory behaviour for the magnetic moments
exists as a function of the chain length or if the results for the trimers have to be
considered as an "exception" . The close agreement between the infinite rows and
the 4 atom chains suggest that it is more probable the latter interpretation, and
that eventually only minor oscillations are expected to appear for longer chains of
atoms. The only work, up to my knowledge, which discuss the magnetic behaviour
for finite length chains with N > 4, was performed by Dorantes -Davila and Pastor
[DDP98], which studied the Magnetic Anisotropy Energy (MAE) for Fe and Co
chains by means of a tight-binding Hamiltonian. It is interesting to state here that
they observed an unusual tendency for a magnetization perpendicular to the chain
direction for some of the 3 atom chains . It seems therefore that the particular
length-dependent electronic spectrum of the 3 atom chains leads to the unexpected
magnetic behaviours .

6.4.2

	

Magnetic 4d rows at the Ag (111) x (111) step edge
As discussed above, the magnetic moments of the 4d monoatomic rows at different
step edges is driven mainly by two effects, i.e . the 4d-4d hybridization acting between
the atoms in each row and the 4d-sp like hybridization between the row atoms
and the Ag substrate atoms, the first hybridization mechanism being driven by the
interatomic distance in the row and the second by the coordination number of the
row atoms. Since the magnetic moments of the rows are influenced by the very
local structural environment, we expect similar magnetic moment profiles for the
rows at step edges with similar environment . As shown in Fig. (6.10) the fcc (111)
terraces presents two step edges, both close-packed and both with coordination
number N, = 7, the (111) x (111) and the (111) x (100) . They should therefore both
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exhibit similar magnetic properties as the (100) x (111) step edge which is also close-
packed and has a coordination N, = 7; in the following I present the comparison
between the magnetic moment profiles of 4d rows at the (100) x (111) and at the
(111) x (111) steps the last one being depicted in Fig . (6.10) .

From table 6 .1, the class of vicinal surface
which cuts the fcc crystal along the (111) x (111)
step edge is characterized by the Miller indices
(hkl) = (m, m, m - 2) . Since terraces com-
posed by 4 atomic rows are sufficiently wide
in order to neglect the step-step interactions, I
have choosen the vicinal surface with Miller in-
dices (hkl) = (221) (which is the (442) in the
above notation, but it is common to remove
the costant multiplicative factors from the Miller
indices) . The fcc(221) substrate represents in

comparison to the fcc(711) and fcc(410) surfaces

larger interlayer distance, dz21 ^_, 0.1667alatt vs.

dzll ^, 0.1400ala tt and d410

	

0.1213a,,tt . The

calculation were performed using a 19 atom TB-

cluster and a number of wave-vectors ngii = 43

in the irreducible part of the 2D Brillouin Zone

(for energies in the complex contour) . The smaller tilting with respect to the terrace

orientation leads to a TB cluster which spans over less layers ; therefore the number

of layers in each PL is smaller than the one used for the other two vicinal surfaces

i.e . NPi = 4 vs. Npil = 7 and NPi° = 8 resulting in a smaller computational effort

for the solution of the Dyson equation .

As shown in Fig . (6.11), the magnetic profiles obtained placing the 4d rows on

the two step edges, the (100) x (111) and the (111) x (111) compare very well with

each other . The only difference in the local environment for an atom sitting at the

two step edges is that the nearest neighbors (NN) are distributed differently in the

upper and lower terraces ; more precisely for the (100) x (111) 4 NN are on the lower

terrace and 3 on the upper terrace (with 2 of these 3 in the row direction), while

for the (100) x (111) step edge 3NN are in the lower terrace and 4 in the upper

one (with 2 of these 4 in the row direction). This small difference induces for Mo

and Tc a difference of around 0.2AB, and for the other 4d elements a difference of

less than 0.1AB in the magnetic moment profile ; this finding completely supports

the above description of the dependence of the magnetic moments on the very local

(Ill) x (Ill)

Figure 6.10 : The (111) terrace ;
only the (111) x (111) step edge
is indicated .

107



108

environment.

CHAPTER 6. VICINAL SURFACES AND MAGNETIC ROWS

O---O (100) x (111)
H(111) x (111)

Figure 6.11 : Comparison between the magnetic moment profile of the 4d rows on

the (100) x (111) and (111) x (111) step edges; both step edges show close-packing
in the row direction and the same coordination number N, = 7.

6.4.3 Total energies : ferromagnetic vs. antiferromagnetic

solutions.

Up to now I discussed only the ferromagnetic solutions for the 4d monoatomic rows at
different step edges. But it is well known from general theorems about tight-binding
bands (HS83] that there is a tendency towards antiferromagnetism for elements in the
middle of transition metal series (3d,4d and 5d) . Indeed antiferromagnetic (AFM)
solutions were obtained for finite-length 4d chains (Wi194, SHR+96] and by means
of total energy calculations predicted to be the more stable solutions for Nb and Mo
dimers on the Ag(100) terrace.

It is the aim of this section to discuss the antiferromagnetic solutions found for
the infinite 1D monoatomic rows and the stability of these AFM solutions vs . the
FM and paramagnetic ones . In the case of antiferromagnetic ordering between the
atoms in each row it is necessary to double the periodicity along the row direction,
i.e . double the number of inequivalent atoms in the systems . Therefore I studied
only the case of 4d rows at the (100) x (111) Ag step edges, simulated by the fcc
(711) Ag vicinal surface ; the antiferromagnetic order at this step edge is depicted
in Fig. (6.12) . The computational effort for the study of these systems increases
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dramatically since not only the number of atoms doubles, but also the number of
layers in each PL increases ; using a TB cluster composed of 19 atoms it turns out
that 15 atoms in each PL has to be taken into account in order to construct a 4 x 4
block tridiagonal matrix. The slabs considered for these calculations contains 60
inequivalent atoms, i.e . 30 layers and 2 inequivalent atoms per layers ; 14 Ag layers
in the substrate were considered and embedded between 6 vacuum layers on each
side.

For these systems, the 2D-BZ area has only
half of the size as for the case of only one in-

	

(100) X (111
equivalent atom per layer presented in the pre-

	

A *iferromagnetic
vious sections . But in the same time the num-
ber of symmetries in reciprocal space decreases
and only the inversion symmetry qjj ----+ - ql I
remains. For the Brillouin Zone integrations, I
considered 25 qjj in the irreducible part of the
2D-BZ for the contour energies and up to 202

qll points in the vicinity of the Fermi Energy.
Because of the extreme computational demand
of the present calculations, the parallelized ver-
sion of the SKKR code [Zel] turned out to be
very helpful relieving sensibly the time needed
to converge the systems.

In table 6.5, I list the results for the magnetic

	

Figure 6.12:

	

Antiferromagnetic
moments for both ferromagnetic (FM) and an- coupling in the rows at the
tiferromagnetic (AFM) solutions, together with (100) x (111) step edge .
the differences in the total energies between the
FM or AFM solutions and the paramagnetic ones, i.e . AEFM = EPARA -EFM and

AFM = E., PARA - E, AFM; the paramagnetic solutions were obtained by means

of non-spin-polarized calculations . AFM solutions with large magnetic moments

were found for Mo, mAFM = ±2.72 AB, and Tc, MAFM = ±2.06 IjB, while a smaller

magnetic moment has been found for Nb, mAFM = ±0.83 AB . From total energy

calculations, as shown in table 6.5, the Mo row is predicted to be more stable in

the AFM configuration than in the FM one, while for Tc the two solutions (FM

and AFM) are almost degenerate in energy. Nb shows no FM solutions while in

the AFM case a magnetic moment of ±0 .831LB is found . Ru and Rh show only FM

solutions. These results are in good agreement with the calculations performed for

the 4d dimers on the Ag(001) surface [SHR+96] . The only sensible difference is that



110

	

CHAPTER 6. VICINAL SURFACES AND MAGNETIC ROWS

Magnetic Moments (AB)

Total energy (mRy)

Table 6.5 : Ferromagnetic (FM) vs . antiferromagnetic (AFM) solutions for the 4d
monoatomic rows at the (100) x (111) step edge ; in the upper table the magnetic
moments for the FM and AFM case, and in the lower table the total energies for the
FM and AFM solutions relative to the total energies of a constrained paramagnetic
calculation are listed . In both tables I emphasized in bold characters the solutions
which are predicted to be more stable .

also for the Ru dimer a (metastable) AFM solution is found ; since in the case of
the Ru row, the FM solutions is only 7.3mRy lower than the paramagnetic one, I
expect that the Ru AFM solution, if it exists, is almost degenerate with paramag-
netic one . However in the calculations we could not find an indication for an AFM
solution . In the case of the 4d dimers the energy difference between the AFM and
the FM solutions, are systematically larger than the one that can be derived from
table 6 .5 calculating the difference DE = AEFM -AEAFM. For example, for a Mo
dimers the AFM state is more stable the the FM one, with moment respectively
of mAFM = 3.17PB and mFM = 2.12AB [Wi194], and an energy difference of about
50mRy [SHR+96}, For the Mo row a much smaller energy difference DE between
FM and AFM solutions is obtained, i.e . AE = 8.6mRy. The 4d monolayers with
FM ordering on the Ag(001) surface [Blü92a] showed total energies with similar or-
der of magnitude ; the larger magnetic moment was found for Ru, m = 1.73AB with
DEFM = 6.7mRy above the paramagnetic solutions . From the above picture it is
therefore evident that, for the 4d series, moving from the lower coordinated systems
(dimers) to the more cordinated ones (rows and monolayers) the magnetic solutions
progressively become less stable in comparison to the paramagnetic ones . In the
limit of the maximum possible coordination, i.e . as bulk materials, indeed all the
elements in the 4d series are predicted to be non magnetic .

In the present calculations the atoms were supposed to sit in their ideal posi-

Nb Mo Tc Ru Rh
Ferro - 1.85 1 .92 1 .65 0.59

Antiferro ±0 .83 I ±2.72 I ±2.06 I - -

Nb Mo Tc Ru Rh
AE' = E+, PARA FERRO- E - +10.2 +15.7 +7 .3 +1 .5

DEAF = EPARA - EANTIFERRO +0.7 +18.8 +l4.3 - -
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tions, i.e . no atomic relaxations are included in the calculations ; the relaxations at
the step edges usually try to smooth the step edges, i .e . inward relaxation towards
the substrate is expected for the step atoms. The size of the total energy differences
DEFM and QEAFM can be viewed as an indication of the stability of the magnetic
solutions versus such environmental changes. If for the surface energies and step
energies, changes up to 20 - 25 % have to be expected, the magnetic moments are
expected somehow to be less effected by relaxation effects . Recently some calcula-
tions for Fe,Co and Ni rows on the Pt (111) x (111) were performed [Bih], and atomic
relaxations were taken into account. Inward relaxations of the order of 13 - 14%
in the distance between the row atoms and the step atoms occur in the systems,
smoothening slightly the step profile ; the magnetic moments are influenced even less
than these percentage since the 3d orbitals are very much localized. For the 4d series
relaxations are expected to more strongly influence the magnetic moments, since the
larger spatial extent of the 4d orbitals leads to a higher sensitivity to the structural
changes . The relaxation energy do usually not exceed the value of 0.1eV . We expect
therefore that the general trends obtained in the present calculations, in particular
the large moments obtained for Mo, Tc and Ru rows as well as trends towards ferro-
and antiferromagnetism, will not be changed by the inclusion of lattice relaxations.

Another point which has to be noted, is that in one-dimensional spin chain

no phase transition for any finite temperature (T :A 0), i.e . no long range order

exists, as proved by different one-dimensional models like the Ising spin chain [Isi25] .

Even magnetic anisotropy does not stabilize the magnetic ordering as it happens to

occur in two-dimensional systems for not too high temperatures . The FM or AFM

solutions presented in this and the previous sections have thus to be interpreted

as describing the short range order only ; the long range order obtained can be

viewed as a fictitious feature due to the mean field treatment of the electron-electron

interactions introduced by the DFT-LDA approach . In reality the local moments

exist, however the orientations of the local moments are disordered such that only

short range order, but not long range order, exists . In principle the interactions

between the rows should play a role in stabilizing a magnetic ordered phase at very

low temperatures, since these interaction convert the system into a two-dimensional

one, being stabilized by anisotropy for sufficiently low temperatures . In this line the

appearence of a local magnetic moment for Co 1D structures on Pt(997) have been

recently suggested from non-spin-polarized photoemission experiments [DCE+00] .
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Chapter 7

Complex band structures

In this chapter we present results for complex band structure calculations of sev-
eral insulators obtained by means of the Screened KKR method. In the study of
Mavropoulos et al . [MPD00] complex band structures for Si, Ge, GaAs and ZnSe
were reported employing an empirical local pseudopotential plane-wave technique.
The empirical approach proposed in [MPD00] requires smaller computational effort
with respect to an ab-initio one, and is able to describe with good approximation
real and complex band structures of insulators in the gap region . Such approach
is however limited in its application range since it needs input parameters fitted to
spectroscopic data, the so called form factors, which exist in the literature only for a
limited number of systems. In order to provide for a more flexible parameter-free ap-
proach, we report herewith the implementation of real and complex band structure
calculations within the SKKR approach . We discuss shortly how the analysis of the
complex band structures of a insulator can supply for an intuitive understanding of
tunneling phenomena at a ferromagnet/insulator/ferromagnet (FM/I/FM) tunnel
junction . We then present the results for ZnSe, MgO and SrTi03 .

7.1 . FM/1/FM junctions and complex band struc-

tures

The broad interest in the study of the transport properties of (FM/I/FM) junctions
has its origin in the first evidence in the early work of Julliere [Jul75] of the tunneling
magnetoresistance (TMR) effect . In the study of Julliere [Ju175], it was shown that
the conductance in FM/I/FM junctions is dependent on the orientation (parallel
or antiparallel) of the magnetization of the two FM leads. While the TMR effect



itself was discovered long ago, only recently one has succeded to obtain TMR ratio

as high as 20% at room temperature [MT95, MKWM95] . The reason is that many
different phenomena at the interface like the appearence of domain walls as well as
direct coupling between the two FM leads limit the TMR effect, and only with the
advent of very refined experimental techniques it was possible to remove this limiting
factors . After this achievements, FM/I/FM junctions imposed themselves as very
competitive candidates for industrial applications on magnetic sensors or memory
elements . From the theoretical point of view only recently first principles calcula-
tions of FM/I/FM junctions have appeared in the literature [BZW+97, Pap] . These
studies suggest that an accurate description of the band structures of the materials
composing the junction is of fundamental importance for a proper understanding of
the TMR effect .

How are actually the complex band structures and the tunneling mechanism
connected? In the case of a bulk material only solution with real wave vector k are
allowed due to periodicity condition. This condition is absent in an interface (or sur
face) of a crystal ; therefore solutions with complex k can actually match with wave
functions on the other side of the interface (or surface) and form evanescent states
or metal-induced gap states (MILS) [Hei62] . In the specific case of semiconductors
complex bands inside the gap region can therefore host such evanescent states arising
from the leads. These complex k bands (or simply complex bands), though they do
exist only at surface and interfaces, are in reality solutions of the Schr8dinger equa-
tion associated to the bulk material . This can be understood considering the fact
that they extend very deep in the bulk of a crystal, while the interface (or surface)
changes in the charge density are restricted only to one or two layers . The tunneling
at FM/I/FM junctions can thus be explained by the existance of such MIGS in the
insulator spacer. Therefore, as was pointed out recently [MPD00], the mechanisms
through which the tunneling takes place can be traced back very intuitively to the
the analysis of the complex bands of the insulator, in connection with the analysis
of the real bands of the leads under interest .

7.2

	

Band structure calculation
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We give in the following a short description on how by means of the SKKR method,
real and complex band structure can be calculated [Zah98, MMZ87]

As we have discussed in section 3 .1, we can trace back the calculation of the
electron density to the calculation of the Green's function of our system for which



where H is the Hamiltonian of our system, and E are the energy eigenvalues as-
sociated to the eigenfunctions 10) . The Green's function G of the real system are
connected to the reference Green's function G' by the Dyson equation in Eq. (4.14) .
As a consequence of the Bloch theorem the eigenfunctions of Eq. (7.1) are Bloch
waves, and can be expanded on the radial regular solution RL(r, E) of the scattering
from a single potential discussed in section 3 .2, as

4(R'+r"+r) = ezk .RnCL(k)RL(r, E)

	

(7.2)

where R' are the lattice vectors and r" are the basis vectors . The eigenvalue equa-

tion

G-1C = G'' -'(1- GrAt)C = AC

	

(7.3)

where G = GLLI (k, E), G' =
GLLJ"

(k, E) and At = OtLL I (E) holds. The energy

eigenvalues Ek are then given by the condition

A'(k, Ek) = 0

	

(7.4)

The zeros of G-1 characterize the eigenstates of the real system ; the eigenvalue

problem is then solved by means of the computation of the zeros of the determinant

of G-1 . Moreover the repulsive reference system considered in the SKKR program

and described in section 4 .2 does not have any eigensolutions in the energy region of

interest for a band structure calculation, i.e . det[G'' -1 ] 0 0 . We can reformulate the

eigenvalue problem with the help of the KKR matrix M, given by M = (At)-1 - G',

as the calculation of the zeros of the determinant of M, i.e . detM = 0

7.3

	

Complex band structures of ZnSe, MgO and

SrTi03

We discuss here the complex band structures for three insulators (semiconductors)

with different crystallographic structures, i .e . ZnSe (zinc-blende), MgO (NaCI) and

SrTi03 (cubic perovskite) ; in the present calculation the experimental lattice con-

stant are used . The band gaps obtained by the SKKR for the three semiconductors,
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it holds the equation (in operator notation)

(E - H) j'0) = 0 (7.1)
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as we will find out in the following, will underestimate systematically the experimen-
tal gaps . This is a well known problem of the Local Density Approximation which
fail to give a proper description of the excitation properties of semiconductors and
insulators . For ZnSe and MgO we obtain a direct gap at the r point respectively of
1.1 eV and 4.6 eV, while the experiments gives values of 2.8 eV and 7.8 eV; our LDA
results agree well with other theoretical results in the literature [CMF88, KPBZ87].
In the case of SrTi03 we obtain a direct gap at the r point of 2 .6 eV while in the
experiment an indirect gap at the r - R point of 3.3 eV is measured . On the other
hand our indirect r - R point is only .1eV larger than the direct one; in other theo-
retical investigations in the literature for SrTi03 evidences of direct or indirect gaps
are found depending on the details of the calculations [Mat72, KYTW95, SSM00]

As anticipated in section 7.1, near a crystal surface or interface, solutions of
the Schrödinger equation with complex k vectors can match with solution outside
the crystal giving rise to evanescent states exponentially decaying in the crystal.
The states in a metal/insulator/metal junction responsible for the transport prop-
erties are those at the Fermi energy EF . Therefore, since EF lies in the case of a
metal/insulator interface inside the gap of the insulator, we are mainly interested in
the complex bands with energies inside the gap region, which could host the leads
states and make them tunnel through the insulator .

The complex band structure will be calculated for the bulk insulator, but intro-
ducing a "surface" notation for its Brillouin zone . This is necessary since we want to
discuss the results relative to a precise interface orientation of the FM/I/FM junc
tion . We use in the following the same notation as proposed [MPD00] . The wave
vector k is divided into a component k1l parallel to the interface under interest and
a component kz perpendicular to it . The first component is real and is conserved
during scattering (assuming a perfect periodic interface) ; the second component is
complex, i.e . kx = q + ir., where r. is the decay parameter. Since the corresponding
evanescent state will decay like e-", where z is the distance from the interface we are
interested in the solutions with the minimal value of i.e . the ones which decay
slower inside the insulator . We denote as real lines the solutions of the Schrödinger
equation associated with real energies, which span in the (q, n, E) space, for certain
k1l and arbitrary complex kz .

We present in Fig. (7.1) the complex band structure of ZnSe (semiconductor),
for the value k1l = 0, and some special complex kz (with its real part along the (001)
direction) . In the central panel of Fig. (7.1) are plotted the real bands, i.e . with
K = 0 in the r-X direction. For the two extremes, i .e .

	

Z~q = 0 (left panel) and q = a(right panel), with a being the lattice constant, the nonreal bands for 0 < n < Za are



6.3 COMPLEXBAND STRUCTURES OF ZnSe, MgO and SrTi03

	

117

drawn. It goes beyond the scope of this study to enter in the details of the topology
of the real lines, and we rather refer the reader to the study of Chang. Nevertheless,
from Fig. (7.1), the main features of the real lines can be deduced. First of all, real
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Figure 7.1 : Complex band structure of ZnSe, for k1l = 0 at q = 0 (left panel) and

q = as (right panel) ; for space reasons the symmetries have been indicated omitting

the letter 0 which characterizes the symmetry direction P - X.

lines depart from the real q axis wherever there is a local maximum or minimum

of the real band with respect to q. They can either form loops reconnecting on the

real q axis to other extrema of the real bands or present free-electron like parabolas

extending to E = -oo . This means that in reality the full map of real lines would

be more complicated than the one shown in Fig. (7.1) ; for instance a real line would

start in the local maximum shown by around 4eV and another one would depart

from the local minimum at around 4eV in the middle of the I' - X direction, i.e .

q = ä . The lines on the top left corner of the picture arise from parabolic real lines

departing at extrema in the high energy region . The complex band structure of ZnSe

calculated by the SKKR method in Fig. (7.1) shows the same structures as the one

presented in ref. [MPD00], obtained by empirical methods; the only difference is

that in the empirical calculations presented in [MPD00] the 3d bands of Zn (the one
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at around -7 eV in Fig. (7.1)) were not taken in the valence region. In this case

in the left panel, i.e . q = as , the real line starting at the X point around -4.5 eV

connects with the X point around -11.7 eV (instead of connecting with the Zn 3d
states, while the one around -2 eV shows the free-electronlike parabolic solution
and extends to -oo.
A full investigation of the complex bands, in order to determine where the min-

imal decay parameter n is assumed, would require, as suggested in [MPD00], two
different steps: at first for a fixed value of k1l and E to search among all the solu
tions the ones which smaller value of K and afterwards varying k1l searching for the
absolute minimum In the case of the direct gap of ZnSe, a departure from the
I' which corresponds to k1l = 0, implies an opening of the gap, as evident from the
real bands along the r - X direction in Fig. (7.1) . Therefore the value of K would
become larger due to the larger loop, for k1l =54 0. This suggests us that the small
decay parameter shown at the r point from the Di symmetry line is our minimal

This should be valid for all the semiconductors (or insulators) with direct gaps
and with top valence and bottom conduction bands at the r point with the same
A, symmetry.

What happens in a junction between this kind of semiconductors and, for in-
stance, two Fe leads? Since the D i symmetry is the one with the smallest decay
parameter, it will be the only one able to host the states from the two Fe leads
and eventually make them tunneling ; this actually is rigorously valid only for large
semiconductor thicknesses [MPD00]. In the r - H direction (001) of the bcc Bril-
louin zone only the majority band presents states at the Fermi energy EF with Di
symmetry. This means that states with D i symmetry from the majority bands will
tunnel through the semiconductor ; if the other lead has the same magnetization ori-
entation, i.e . if the two leads are ferromagnetically aligned, then this states will be
picked up by the majority bands of the second lead and contribute to the tunneling
current. If on the other hand the leads are antiferromagnetically aligned, majority
and minority states in the second lead are reversed with respect to the first one;
since no D i states exist in the minority bands of the second lead, no coupling is
allowed and therefore the Al state will not tunnel, i.e . the conductance is zero .

The above picture is valid also, as shown in Fig. (7.2), for MgO which as GaAs
or ZnSe grows epitaxially on Fe and therefore is another interesting candidate for
the study of tunneling junctions. In Fig. (7.2) the real lines for the same value of
complex kz as presented in (7.1) are shown. Similar to ZnSe, MgO shows a direct
gap at the r point, and again the loop which connect points with symmetry 0, is
the one that presents the smallest value of n inside the gap. Since the gap increases
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Figure 7.2 : Complex band structure of MgO, for k1l = 0, at q = 0 (left panel) and
q = 2ä (right panel) ; for space reasons the symmetries have been indicated omitting
the letter A which characterizes the symmetry direction I' - X.

moving away from the I' point, the decay parameter shown by the A,-loop at the

k1l = 0 (I') point is our Kmin .

Could values of k1l ,A 0 and symmetries different than Ai play a role in the

tunneling process through semiconductors? It was discussed in ref. [MPD00] that

in the case of indirect gaps, minimal values of w could be assumed for different values

of k1l 0 0. In that case a crucial role is assumed by the position of the Fermi energy

inside the gap region . For instance, Si has a indirect gap where the maximum of the

valence band is at the I' point while the bottom of the conduction band is near the

X point in the r - X direction . Then also in the surface projected I' - X direction

a minimum is assumed for a value of k1l in between I' and X. For a value of the

energy close to the conduction minimum, a value of w arbitrarily small can be found.

If we lower the energy, when could eventually reach the same small K for a energy

value near the valence maximum at they point. Therefore the minimal K is assumed

at r if the energy is near the top of the valence band and near the X point if the

energy is near the bottom of the conduction band. If the upper valence and lower
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Figure 7.3 : Cubic perovskite structure and real band structures of SrTi03 .

conduction band have different symmetries then the position of the Fermi energy
would determine not only the value of k1l with the smallest decay parameter rmin
but also which symmetry will favour the tunneling through the insulator.

We present in the following a third case which can arise and was observed in-
vestigating a perovskite semiconductor, i.e . SrTi03. In Fig. (7.3) we depict the
cubic perovskite structure assumed in nature by SrTi03 at high temperature, i.e .
T > 110 °K, which is also the structure we used in our calculations .

	

For lower
temperature the cubic structure distorts to a tetragonal one. We show in Fig. (7.3)
also the real band structure along the symmetry directions connecting the points
r-X-M-r-R-X belonging to the simple cubic Brillouin zone . The band gap
in the present calculations is found at the r point, but the indirect gap at the r -R
points is only 0 .1 eV larger . We present in Fig. (7.4) the complex band structure
only for the values of q = 0 (r) and q = as (X) at kjti = 0 (T) ; since, as shown in Fig.
(7.3), for both the r - X and r - M directions the gap opens, the smallest decay
parameters should be assumed near the k1l = 0 point. At the r point two loops
with different symmetry appear, i .e . A1 and 02, and they cross at a energy value
roughly in the middle of the gap. Therefore the smallest value of K will be assumed
by the A1-loop or the A5-loop depending on whether the Fermi level lies near the
valence bands or near the conduction bands inside the gap region. If for instance
the Fermi energy of the leads lies in the position indicated by El , i.e . EF = El
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Figure 7.4 : Complex band structure of SrTi03, for k1l = 0, at q = 0 (left panel) and

q = 2ä (right panel) ; for space reasons the symmetries have been indicated omitting

the letter A which characterizes the symmetry direction r -X .

then the A,-loop assumes the smaller decay parameter n; in the case of EF = E2

the 05-loop has the smallest n. Whether one or the other symmetry would play a

role in the conductance, depends obviously on the existence of states with the same

symmetry at the Fermi energy in the band structures of the leads. In the case of an

Fe lead, for instance, states with 05 symmetry exist for both majority and minority

bands, and therefore only the usual Di states will induce a "spin" filtering through

the semiconductor.
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Chapter 8

Summary and conclusions

In this thesis we have performed ab initio calculations by means of the "Screened"
KKR program within the Density Functional Theory (DFT) in the Local Spin Den-
sity approximation (LSDA). During this study many improvements to the existing
version of the SKKR program have been performed in collaboration with N. Pa-
panikolaou, in order to treat on the same footing systems with arbitrary two- or
three-dimensional periodicity.

We summarize in the following the results for three different systems investigated
during this thesis .

The study presented in the first part was inspired by a recent experimental
investigation performed by Swinnen et al. [SMD+97] by means of Time Differential
Perturbed Angular Correlation (TDPAC) spectroscopy. The hyperfine fields induced
on Cd probe atoms implanted in a Fe/Co (110) multilayers system were measured,
and the magnetic moments were deduced based on a model proposed by Stearns
for the hyperfine fields [Ste73] . Large oscillations were predicted by Swinnen et al.
[SMD+97] for the Fe and Co layers approaching the interface . The magnetic moment
profiles at the bcc (001) and (110) Fe/Co interface obtained by our SKKR program,
contrary to the experiments, does not show any oscillations ; the Fe magnetic moment
monotonically increases moving towards the interface, while the Co moment remains
almost constant throughout the interface region . This is in agreement with other
calculations existing in the literature obtained by different ab-initio methods [SV98,
NJS99], and the calculated results can be explained similarly to the behaviour of
bulk Fe, bulk Co and FeCo disordered alloys . The most probable origin o£ the
discrepancy between the theoretical and experimental magnetization profiles is the
very simplified model used by Swinnen et al. [SMD+97] to deduce the magnetic
profiles from the measured hyperfine fields . The basic assumption made by this
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model is that the main contribution to the hyperfine field at a diamagnetic probe
atom (like Cd) arises from the polarization induced by the neighboring first shell
of atoms, while further shells contribute only to a minor extent. We investigated
the origin of the Cd hyperfine field by means of dilute Cd impurity in bulk Co
calculations, where we replaced one by one the Co neighbors in the first two shells, i.e .
NN and NNN atoms, with Fe atoms. We found that an Fe atom in the second shell
contributes to the Cd hyperfine field more than an Fe atom in the first shell. The
detailed comparison between the calculated Cd hyperfine fields and the measured
ones, shows common points as well as disagreements. The hyperfine field values for
the Cd in bulk Co and Cd in bulk Fe environment agree well with the measured ones,
provided that the experimental Fe lattice constant is used . The same holds for the
Cd at an interdiffused Fe/Co interface, where broad distributions are observed in
the experiments due to many microscopically different magnetic environments . Since
the well defined Cd hyperfine fields at sharp Fe/Co interface layers observed in our
calculations have no counterparts in the experiments, we conclude that the interfaces
investigated by Swinnen et al. [SMD+97] are strongly interdiffused. We also used
the SKKR method to study the Fe and Co hyperfine fields at Fe/Co interfaces, and
in dilute and ordered Fe/Co alloys . The behaviour of the calculated hyperfine fields
at the Fe/Co (001) and (110) interfaces can be explained by the different polarization
mechanism acting on the Fe and Co atoms. Detailed analysis of the results of dilute
alloys calculations has shown an unexpected large "transferred" contribution to the
hyperfine fields from the neighoring second shell (NNN) of atoms with respect to the
first one (NN) . This feature, which has been found for the hyperfine field induced to
magnetic atoms, i.e . Fe and Co, as well to non-magnetic atoms, i.e . Cd, in bcc FeCo
dilute alloys is therefore a peculiarity of the bcc structure for which the calculations
have been performed. Calculations for the FeCo B2 ordered alloy confirmed this
picture. If the behaviour of the hyperfine fields induced on an Fe atom as a function
of the neighboring Co atoms is consistent with M6ssbauer and NMR investigations,
the results for the Co hyperfine field in the FeCo B2 ordered alloy are in clear
disagreement with the experiments [JWP96] . No final conclusion can be proposed
in this case since it is not clear whether the adoption of non local functionals [KA98],
abandoning therefore the LSD approximation adopted throughout this study, could
influence the calculated results .

In the next part of this thesis we performed calculations of magnetic mono-
atomic lines of 4d-atoms, from Nb to Pd, obtained by step decoration of Ag vicinal
substrates. This study was motivated by recent experimental investigations, where,
by means of MBE techniques together with real time control of the deposition stage,
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one has succeeded to grow one-dimensional monoatomic rows on stepped surfaces
[RHB+93, GBB+00a], and to observe row-induced electronic states by means of
angle-resolved photoemission experiments [DCE+00] . We exploit, similar to the
experiments, the concept of vicinal (or high Miller index) surface to characterize
an ordered array o£ monoatomic rows . The magnetization profile of the 4d rows
has been investigated, placing the rows at terrace and step edge positions of three
different high-index surfaces, i.e (711), (410) and (221) , offcc Ag. The results can be
explained by the coordination number o£ the row atoms, and by the hybridization
acting between the 4d row atoms and the Ag substrate atoms. The effect of the
dimensionality on the magnetic properties is also discussed comparing the results
for the monoatomic rows with the ones in the literature for 4d adatoms, finite-length
rows, and monolayers on the Ag(001) surface . The results obtained in this work for
the monoatomic rows are in complete agreement with the picture proposed in the
literature, showing how the increase in the hybridization between the 4d atoms leads
to the progressive decrease of the local moments for the elements at the beginning
and center of the series and to a simultaneous shift of the maximum in the moment
profile towards higher valencies. Since it is predicted by general theorems about
tight-binding bands [HS83], that antiferromagnetic solutions exist in the middle
of the transition metal series, we investigated the occurrence of antiferromagnetic
(AFM) coupling between the atoms in each rows, and discussed the stability of the
AFM solution with respect to the FM ones . In detail, we found that Nb exhibits only
the AFM solution while only two elements present both FM and AFM solutions,
i .e . Mo and Tc; while the AFM solution of Mo is clearly the stabler one, the FM
and AFM solutions for Tc are almost degenerate in energy. Parallel to the study
of the magnetic rows, we have also directed our attention on the characterization of
step energies . The role of steps is of fundamental importance in the characterization
of a wide range of surface phenomena like faceting, roughening and crystal growth.
Since accurate total energies can be calculated by means of our SKKR program, we
presented preliminar results for high-index surface and step energies for Cu and Ag
substrate ; the results agree very well with the ones existing in the literature obtained
by means of TB-LMTO methods [VRSK98, VSK99] . The calculation presented for
the vicinal surfaces and magnetic monoatomic rows, for their extreme computational
demand, can be considered as a first challenging application of our Screened KKR

program. The linear scaling behaviour shown for planar systems, i .e . surfaces
or interface, relieved sensibly the computational effort, and only for some selected

problems like antiferromagnetic coupling in the monoatomic rows the use of parallel

supercomputers has been necessary.
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In the last part of the thesis we have presented results for the complex band
structures of some semiconductors (insulators), i.e . ZnSe, MgO and SrTi03 , ob-
tained by means of the SKKR method. It was demonstrated recently [MPD00]
that the analysis of the complex band structures of insulators supplies a powerful
tool in connection with the concept of metal-induced gap states (MIGS) [Hei62] for
the characterization of the tunneling processes in metal/insulator/metal junctions
(FM/I/FM) . Of crucial importance is the symmetry of the band which presents the
smallest decay parameter, i.e . smallest imaginary value of the complex wave vector.
In the case of direct gap semiconductors, e.g . GaAs and ZnSe, the A1 symmetry is
the one which shows the complex loop with the smallest decay parameter assumed
at the center of the surface projected Brillouin zone, i .e . the I' point. We found that
MgO, which also is important for FM/I/FM systems since it grows epitaxially on
Fe, behaves similarly to ZnSe. A different picture can be found for semiconductors
with a indirect gap, i.e . Si, or for semiconductors for which the top valence and
bottom conduction bands are of different symmetries . In those cases, and we have
shown that the perovskite semiconductor SrTi03 is one of them, the pinning of the
Fermi level inside the gap will decide for which symmetry the smallest decay pa-
rameter occurs; in the specific case of SrTi03 the two competing symmetries are Di
and A5 . The implementation of complex band structure calculations in our SKKR
program, will allow in the future to study semiconductors (or insulators) with more
complicated structures like rutile Ti02 and corundum A1203 .



Appendix A

O(N) algorithm for the slab
geometry

The solution of the Dyson equation, as discussed in section 4.5, is achieved through
the calculation of the the scattering-path operator T which, in the case of slab or
supercell geometries, is given by

T = M-1 = [(At-1 ) - G''] -1

	

(A.1)

I will present here the derivation of the algorithm used to calculate the diagonal
and off-diagonal elements of T in the case of the slab geometry. This algorithm was
originally proposed by Godfrin [God91] and Wu et al. [WXP93], and extended to
the supercell geometry by Zeller [Zel] .

The matrix M, given in (A.1), assumes in the Principal Layer (PL) indices the
form

(A.2)

where the elements Mp,q are given by Eq. (4.31), and n is the number of PL in the

systems. The tridiagonal form of the matrix can be obtained only for a pseudo-

M1,1 M1,2 0 . . . . . . 0 MI n

M2,1 M2,2 M2,3 0 . . . 0 0

0 M3,2 M3,3

0
Mn-3,n-3 Mn-3,n-2 0

. . . Mn-2,n-3 Mn-2,n-2 Mn-2,n-1 0

0 0 . . . . . . 0 Mn-I n-2 Mn-I,n-1 Mn-1,n

.Mn,I 0 . . . . . . . . . 0 Mn,n-I Mn,n
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onedimensional cell, i.e . when the cell spans over one direction more than over the
other two, as in the case of our layered systems; this is not valid for a general form
of the cell, where only sparse matrix algorithm can be applied . The elements M1,"
and Mn,1 arise because of the coupling between the atoms in the left and right side
of the cell due to the periodic repeat of the cell in all the dimension; if the cell is
repeated only in 2 dimensions, as it happens in the case of a slab calculation, these
two blocks vanish, and the matrix M from cyclic tridiagonal becomes tridiagonal.

I give in the following the algorithm in the orginal notation proposed by Godfrin
[God91], and rederive it afterwards in a more handy notation .

The elements of the inverse G of a n-block tridiagonal matrix are given, for

A more transparent way to calculate the block elements of the inverse of a block
tridiagonal matrix M is obtained factorizing the matrix M as

M = L-'D- U- '

	

(A.10)

where L and U are the products of very simple lower and upper block-triangular
matrix,

L =

1 < p, q < n, by

Gp,p = LMP,p - XP - Yp]-1 (A.3)

Gp,q = -[Mp,p - Yp]
-1 Mp,p+l Gp+l,q for p < q (A.4)

Gp , q - Mp,p XPI -1 Mp,p-l Gp-l,q forp > q (A.5)

where

Xn = 0 (A.6)
XI-P = 1-P,n-P+l [Mn-P+l,n-P+1 -Xn-P+1] Mn-p+l,n-p (A.7)

forl<p<n-1
Yi = 0 (A.8)

Yp+l = P+l,P [ -+p Yp ]-1 Mp,p+l for 1 < p < n - 1 (A.9)

111 Lp = Ln-1Ln-2 . . . L2L1 (A.11)
p=n-1
n-1
jj UP = U1 U2 - Un-2Un-1 (A .12)



and D is a block-diagonal matrices . Once this factorization is performed, the inverse
of M can be calculated, simply inverting Eq. (A.10) , as

The recursive factorization of the matrix M starts from the definition of the first
diagonal block of the matrix D as the element M-1 ; the matrix M, for the slab
geometry, assumes thus the form

M-1 = UD L

	

(A.13)
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(D1)_1 M1,2 0 0

M2,1 M2,2 M2,3 0
0 M3,2 M3,3 0 (A.14)

0 0 0

If we choose the first lower triangular matrix as

1 0 0 . . . 0
_M2,1 Dl 1 0 . . . 0

L 1 . . .= 0 0 1 0 (A.15)

0 0 0 . . . 1

and perform the matrix multiplication L l M, we obtain

(D1)-1 M1,2 0 . . . 0
0 (D2)-1 M2,3 . . . 0

Ll M = 0 M3,2 0 (A.16)

0 0 0

where we defined the second diagonal block of D as

(D2) =: (M2,2 - M2,1
Dl M1,2)-1 (A.17)

Similarly we define the first upper triangular matrix U1 as

1 _DlM12 0 . . . 0
0 1 0 . . . 0

U1 . . .= 0 0 1 0 (A .18)
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and by means of the product between LlM and U1 , we obtain

Ll M U1 =

-1 = Un-1 D Ln-1 =

The effect of the multiplication of M with the two triangular matrices L1 and Ul
is to "clean" the first row and and the first column from the of diagonal elements .
The matrix thus obtained has the same form as the initial M matrix and with the
appropriate choice of the L and U matrices, the procedure can be repeated until
only the diagonal blocks remain . This happens after n - 1 recursive moltiplication
by Lp and Up, and the matrix D-1 , which is the one in Eq. (A.10), turns out to be
given by

( (Dl )-1

	

0

	

0

	

. . .	0
n-1

	

I 0 (D2) -1 0 . . .

11, (Dn- 1) -1 0
. . .

	

0

	

(Dn) -1
(A.20)

and the p-th block element of the matrix D, with p = 2, 3, . . ., n , is calculated
recursively by the formula

0

Dp = Mp,P

	

Mp,p-1 Dp-1Mp-1,p)
-1

The factorization is now complete and we can start to "back" -factorize the matrix
D in order to calculate the elements of the matrix M-1 , by means of

n-1

	

1
T = M-1 =

	

HUp] D

	

A Lp

	

(A.22)
p=1 =n-l

After the first back-factorization step, i.e . Un-1 D Ln-1 , we obtain the matrix

(A .21)

( Dl 0 0 . . . 0 0
0 D2 . . . 0 0
0

(A.23)
. " Dn-2 0 0
0 0 . . . 0 Tn-l,n-1 Wn-1
0 0 . "" 0 Vn-1 Tn,n

(D1) 1 0 0 . . . 0
0 (D2)- 1 M2,3 . . . 0

0 M3,2 M3,3 . . . 0 (A.19)

0 0 0 . . . Mnn



where

Proceeding recursively with such multiplication one notes that each matrix Mp =
Up Mp+1 Lp differs from the previous one Mp+1 = Up+1 Up+2 . . . Un_1 DLn_1 Lp+2

Lp+1 only in the elements belonging to the p-th row and column, starting from the
diagonal element Tp,p ; this procedure is repeated up to the knowledge of 1V11 which is
obviously the seeked matrix T. The final algorithm implemented in the code for the
calculation of the diagonal and off-diagonal elements of the matrix T is, resuming
also the factorization step, the following:

Tp,q =

" One defines the first block of the matrix D as D1 = (M1,1)-1 .

" The elements Dp = (Mp,p
for p = 2,3, . . ., n.

" One defines Tn,n = Dn .

" All the other elements of the matrix T are calculated for q = n, n -1, ...,1 as

follows :

Dp + Dp Mp,p+l Tp+1,p+i Mp+1>p DP

-DpMp,p+1 7"p+l,q

Cp Tp_1,q

with Cp = -

p,p_1 Dp_1Mp_1,p) -1 are calculated recursively

forp=q, andp=n-1,n-2, . ..,1

forp<q, andp = q-l,q - 2, . . .,1

forp > q, andp = q+1,q+2, . . .,n

- (Dp)-1 - (Tp,p) -1 1 -1 MPIP-1

(A.28)

The algorithm used to calculate the diagonal elements of the matrix T, given in

the first row of Eq. (A.28), is equivalent to the one given by Godfrin [God91] in

Eq. (A.3) ; the proof for this equality can be found in [Wil97] . The formulas in Eq.

(A .28) used to calculate the off-diagonal elements of the matrix T are the same as

the ones given in Eq. (A.4) and (A .5) where for the X and Y matrices hold the two

relations Dp = [Mp,p - Yp] -1 and Xp = (Dp )-1 - (Tp,p)-1,
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Tn,n = Dn , (A.24)
Tn-1,n-1 = Dn-1 + Dn-1 Mn-l,n Tn,n n,n-1 Dn-1 (A.25)

Yn_1 = -Dn Mn,n-1 Dn-1 (A.26)

Wn-1 = -Dn_1 Mn-1,n Dn (A.27)
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APPENDIX A. O(N) ALGORITHM FOR THE SLAB GEOMETRY

Examining closely the above formula, one realizes that for the calculation of the
element Tp,q, for p < q only the elements Tq,q Tq_l,q	T p+l,q with decresing row
number p, and for p > q only the elements 7Tq,q Tq+l,q

	

Tp_l ,q with increasing row
number p are needed (see Fig. (A .1 a) where the arrows show the order in which the
blocks have to be calculated) . The calculation of all the elements in the matrix 'r

q-1 q q+1

1
2
3
4
5
6
7

9
10
11
12

1 2 3 4 5 6 7 8 9 10 1112

Figure A.1 : a) Recursive procedure for the calculation of the diagonal and off-
diagonal elements of the inverse matrix M-i ; b) example of offdiagonal elements
needed for an impurity calculation; the black square shows the layer in which the
impurity is placed .

requires a n2 effort, while the calculation of the diagonal elements Tp,p, which are
the only ones needed in the selfconsistency procedure, scales linearly with n.

In the case of an impurity calculation, the Green's functions Gn,n' which describe
the multiple scattering processes inside a cluster C of atoms around the impurity
have to be calculated . Only the blocks of the matrix r which contains the elements
which couple the layers spanned by the cluster are needed . For instance for the
(001) fcc slab, a cluster of 43 atoms (up to the 3rd shell) spans over 5 layers, i.e .
the central one + 2 layers on both sides; if the total number of layers is 12, the
number Np of layers in each PL = 2, and the impurity is placed at the 5-th layer,
the elements which have to be calculated are the ones in gray in Fig. (A.1b), where
the number refers to the layer indices, and the grid indicates the extent over the
layer indices of the cluster C.
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