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Abstract

In the present work an implementation of the relativistic disordered local mo-
ment scheme (DLM) within the Screened Korringa-Kohn-Rostoker (KKR) Green’s
function formalism is presented. This approach is applicable to describe the mag-
netic properties of ferromagnetic metals and alloy systems at finite temperature.
The screened KKR facilitates to treat half infinite systems, such as thin films.

As an application we present a method to calculate the temperature dependent
magnetic anisotropy of magnetic thin films, and show an application to Co,,Cu(100)
thin film structures. We interpret our ab initio results with the help of an anisotropic
classical Heisenberg model.

To highlight the importance of a non-unitary Heisenberg exchange we investigate
also the magnetic ordering of a Mn monolayer on W surface, and stress the relevance
of the so-called Dzyaloshinskii-Moriya interactions.

In the third part of the thesis we apply the DLM formalism to calculate the
magnetic part of the electric resistivities. We implement the DLM using the Kubo-
Greenwood equation within the KKR framework. This work represents the very
first ab initio approach in the literature of this field. As an application we show the

results for bulk Fe and Co.
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Chapter 1

Introduction

The history of magnetic data recording is started in 1956. Soon the annual growth
rate (AGR) of the storage capacity of magnetic hard disks (HDD) reached the 30%,
and lasted until 1992 when the introduction of magneto-resistive (MR) read heads
increased the AGR to 60% [1]. The discovery of the giant magneto-resistance (GMR)
by Griinberg [2] and Fert [3] rapidly became applied in the industry. The first GMR
read heads appeared in 1997 on the market, which contributed to the further in-
crease of the growth rate to 100% per year. Nowadays the magnetic storage density
in HDD-s reach the 100 Gbit/inch?, which is a development of eight order of mag-
nitude, since the first disk drives of the mid 50s. In HDD magnetic recording films
the bits are stored in magnetic grains, in which the magnetisation are parallel or
perpendicular to the surface. During the shrinking of the bit size the diameter of the
magnetic grains became smaller, therefore the total magnetic anisotropy, and the
thermal stability decreased. Reaching the so-called superparamagnetic temperature
the thermal excitations destroy the parallel alignment of the magnetic grains, i.e.,
the stored information get lost, however the the grains itself remain ferromagnetic.
Nowadays the grain size in magnetic recording media goes under 10 nm. To avoid
the superparamagnetic transition materials with large magnetic anisotropy should
be used such as Co alloys (CoPtCr, Co, CoszPt), L1y ordered ferromagnets (FePd,
FePt, CoPt, MnAl) [4]. Nowadays commercially available IBM HDD-s contain an-
tiferromagnetically coupled (AFC) magnetic layers (CoPtCrB), which align parallel
to the surface and separated by a 64 Ru layer [5]. The thermal stability in AFC
HDD-s are provided by the antiferromagnetically coupled underlayer.

As the size of this magnetic structures goes into the nm range, (and they deserve
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the denomination of nanostructures) the quantum mechanical effects became more
and more important, and ab-inito description can be a promising tool for better
understanding of the underlying physical phenomena, and an aid for designing new
materials for these applications.

A new and promising method of magnetic storage is the so-called heat assisted
magnetic recording [6] [7]. The further decrement of magnetic recording grain size
with avoiding of the superparamagnetism can be performed with applying materials
with large magnetic anisotropy. However the large anisotropy (large coercitive field)
makes the media hard to write. The method of HAMR, provide a solution with heat-
ing up the magnetic media with a laser beam, thus reducing the magnetic anisotropy
just during the write process. The reduced anisotropy makes the writing easier, then
after switching off the laser beam, the cooling back increase the anisotropy of the
media, therefore stabilize the written bits.

At the beginning of the information technology only magnetic data storage ex-
isted, but from the late 1960s the semiconductor memory cells proved to be faster
than the magnetic storage, therefore the Random Access Memories (RAM) were
built from (field effect FET) transistors. However nowadays strong effort was laid in
the development of magnetic RAMs (MRAM), a typical chapter of spintronics. The
two main type of MRAM are the one containing magnetic tunnel junctions (MTJ)
and the second is using the GMR effect. Both are novel in the way of storing the
information in the conductance of parallel or antiparallel magnetized ferromagnetic
layers, instead of the conventional semiconductor technologies, i.e. the information
is stored in the spin-degree of freedom [8] ( therefore this field of research got the
denomination of spintronics instead electronics). The first prototypes of MRAM-s
are already constructed by the companies IBM and Freescale [9]. The MRAM is
a very promising non-volatile memory, which can overcome the existing RAM-s in
operation speed and endurance[10].

The understanding of the physical basis of the magnetic data storage devices
requires the theoretical description of magnetic anisotropy. The decreasing size of
the magnetic data storage devices, and nanostructures makes the ab-initio descrip-
tion usefull for the understanding of the new phenomena in the low dimensional
systems. In the CMS the screened Korringa-Kohn-Rostocker (SKKR) method [11]

[12] was developed in the last decades, which was successfully applied to describe the
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magnetic anisotropy of bulk alloyed magnets [12] [13], magnetic thin films [14] [15]
multilayers [16] and with the embedded cluster method finite magnetic clusters [17]
[18] [19] at zero temperature. As the magnetic hard disks usually operate on room
temperature, and especially in the view of HAMR the theoretical description of the
temperature dependent magnetic anisotropy is desirable. In the present dissertation
[ implemented the so called Disordered Local Moment (DLM) theory (originally
proposed by B.L. Gyoorfty et.al.

[20]) to describe the temperature dependent magnetic anisotropy, and resistivity
of ferromagnetic bulk materials and thin films. The paramagnetic version of the
DLM was used to determine the magnetic properties (such as susceptibility, ex-
change coupling and Curie temperature) of the paramagnetic state (above the Curie
temperature) of ferromagnetic materials [20] [21] [22] [23] [24] [25] . In the present
work I implemented the DLM method for ferromagnets below the Curie tempera-
ture. I implemented the DLM within the screened-KKR formalism, which enabled
the description of surface and thin-film magnetism. As the magneto-crystalline
anisotropy is an effect of the spin-orbit interaction [26], in order to access the mag-
netic anisotropy I implemented the DLM within the relativistic version of the SKKR
program.

As the common application of GMR effect in magnetic recording, and the possi-
ble application in MRAM-s clearly shows the technological importance of the mag-
netic resistivity. Better understanding of the magnetoresistive effect is possible with
computer simulations. In the last decades in the CMS the linear response theory
of Kubo was implemented into the KKR program package [27]. With this tool de-
scription of the magnetic resistivity of bulk alloys, thin magnetic films, multilayers
spin valve structures became possible [28] [29] [30] and nanocontacts [31] became
possible at zero temperature. The former ab initio calculations restricted to zero
temperature, however at nonzero temperature new phenomena contribute consider-
ably to the electrical resistivity such as phonon-electron scattering, and scattering
of the electrons on magnetic excitations (magnon scattering). However theoretical
descriptions are available for the temperature dependence of the magnetic part of
the electrical resistivity [32] [33], the ab initio description was still missing. In the
present dissertation I give the first attempt for the ab inito description of the tem-

perature dependent magnetic resistivity, with the implementation of the DLM in
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the KKR-Kubo formalism.

The thesis is organized such that first the theoretical description, in particular all
new formulations are presented, and only then the actual results achieved in terms
of these methods are shown. The chapter A deals with the DLM theory, the chapter
3 with the magnetic anisotropy. Chapter 4 is devoted to the application of the
DLM to the problem of temperature dependence of electrical transport properties.
We show the results of the calculations for the magnetic anisotropy in chapter 5. In
Chapter 6 we investigate the effect of the so called Dzyaloshinskii Moriya interaction
on the magnetic ordering of a magnetic monolayer. In the appendicies first short
reviews of the density functional theory (DFT) A and the KKR scattering theory A
are given. In Appendix B we give the derivation of the the special kind of coherent
potential approximation (CPA), in Appendix C a derivation of the Onsager reaction
field approximation, and finally in Appendix D we give the mean-field solution of

the anisotropic Heisenberg model.



Chapter 2

The Disordered Local Moment
(DLM) theory

2.1 General framework

The Spin Density Functional Theory (SDFT) (see Appendix A) is regarded to give
adequate description of the magnetic ground state of itinerant solids. A straightfor-
ward generalization to higher temperatures [34], however fails considerably, giving
large Curie temperature by a factor of five, zero magnetic moments and no Curie-
Weiss law above the Curie temperature [35]. This model assumes that the magnetic
moments point to the same direction at every lattice site, therefore at the Curie
temperature the size of the moments disappear. In 1979 Hubbard and Hasegawa
introduced [36, 37] a theory, where they allowed the magnetisation direction to vary
from unit cell to unit cell. In this Disordered Local Moment (DLM) picture reaching
the Curie temperature from below, the size of the magnetic moments avaraged over
a unit cell (so called local moments) does not necessarly disappear, nonzero local
moments can exist in the paramagnetic phase also, pointing to completely random
direction, giving zero macroscopic magnetisation on the average (see Fig.2.1 ). In
1985 Gydorfly et. al. [20] published the details of an implementation of the DLM
picture in the ab-initio KKR scattering theory (see Appendix A).

The DLM theory is based on the idea that in itinerant metallic magnets, we can
find a certain time scale 7, which is small as compared to the characteristic time of

spin fluctuations (Tspinfiuet), but longer than the electron hopping times, i.e.,

1
Thopping <7< Tspinfluct = w_a
s
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where w, is the typical spin wave frequency. The typical order of magnitude is
Thopping ™ 10~1%s, and Topinfluct ™~ 10~13s. Investigating a system on the time scale T,
the spin orientations of the electrons leaving an atomic site are sufficiently correlated
with those arriving such that a nonzero magnetization exists when the appropriate

quantity is averaged over this time window. If we define

M.(r) = /O "M, 1) dt

as the average of the magnetizaton in the time window 7, we can define the local

moment direction on a specific site by

d’rM., (r
é; = b, - (>, (2.1)
| Jy, @M. (r)|
where V; is the volume of the i-th unit cell and
Wi = / d*rM,(r) (2.2)
Vi

is the size of the local moment. Thus we can associate local moment directions
(Eq.2.1) with every lattice site. These directions vary on the time scale Ty, fiuce that
is slow compared to 7. DLM includes temperature dependence via the probability
distribution of these local moment directions. At zero temperature all the local
moments point to a specific direction, while increasing the temperature the local
moments can point along other directions also with non-zero probability. Reaching
the Curie temperature the local moments will point in any direction with the same
probability such that the configurational average of the fluctuating local moments
is zero, the total magnetisation disappears, even if the size of the local moments p;
is non-zero.

The magnetic configuration of the system can be described by a set of é; direc-

tions:
{e} ={é1,éa,...,én} , (2.3)

where N is the number of sites. The fluctuation of the local moments can be de-
scribed by a probability distribution, characterised by the probability density func-
tion P(™ ({é}), which depends on the average magnetisation direction 7, and the
temperature. At zero temperature all the moments point along the same direction

P®™ ({e}) = [I,6(é;i — ). At the Curie temperature this probability is constant

10
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Figure 2.1: The DLM picture. a, T = 0 ferromagnetic state. b, A nonzero temper-
ature ferromagnet 0 < T' < T¢. ¢, The paramagnetic state T < T, the average of
the magnetic moments is zero.

to all directions: P®™ ({é}) = [[ P(é;), with P(é;) = ;. The average of the ¢

directions:
(&) = // & P™ ({&}) déy...déy =n|(&)]. (2.4)
If the Hamiltonian function of the system is H® ({é}), the canonical partition

function and the probability function are defined as

7 _ / / e BEVUD g den (2.5)

and i
e—BH™ ({é})

") (V) = —
PO ({eh) = (2.6)
The free-energy can then be expressed as
. 1 .
F® = 3 InZz® (2.7)

To calculate these quantities a tractable form of the Hamiltonian is needed. To
approximate the energy the Peierls-Feynman [38] inequality can be applied, which
states that taking an arbitrary trial Hamiltonian Hy an upper bound to the system’s

free-energy can be given as
F<F =F+(H-H)" . (2.8)
where the free-energy of the trial system is given by

1 5
FO:_EIHZO ) Zo:/.../eﬁHO({e}) dey . ..dey.
11
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and the (}0 denotes the average with respect the probability density
R e_ﬁHO({é})
P{ep) = (29)
0
If we minimize F; with respect to the parameters of the trial Hamiltonian H,
we get the variational upper bound (best approximation) for the free-energy. If we

expand H as a sum of terms containing different orders of local-moment interac-

H ({e} Zhl(") Zh” 6 4. (2.10)

Z#J
the best trial free-energy can be obtained from the variational condition:

tions,

gF" gF"
—m =0 T =0 ete
5h2 (61) 5hz (61', €j)

Gyorfy et al. has showed [20], that this condition is equivalent to the following

equalities

(HOY) — (Y = ()~ (H) (211)
(Y =) = (1)

where (), or (), ¢, denote restricted statistical averages with é; or ¢; and ¢;

.\ 0
<H(§”)> . etc. (2.12)

€:,€;

kept fixed. For example,

f () 5 5 5
<X(ﬁ)> f f X( P ({ ,](l’)) d€1 dei,ldeiﬂ e deN ’ (213)
" P (&)
with
P (¢;) = / / P ({&}) déy ...dé;_1déisy ... déx . (2.14)
Obviously with this definition the relationship,
X)) = /<X<ﬁ>>é, P™ (&) dé; | (2.15)

is then satisfied.

2.2 Mean-field theory

In the mean field approximation we terminate the expansion Eq.(2.10) using only

the first term:

7" ({&} Z (&) . (2.16)

12
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which means that we neglect all correlations between neighbouring sites. Therefore
the partition function and the configuration probability split up into product of
single site terms, implying that the orientations of local moments on the different

sites are statistically independent:

75" = / / [T @ dey...dey =T[2" . 27 = / e M) de
(2.17)
e Ph{" (&)

P ({e}) = HP(” 5) }ﬁ)(él-):w : (2.18)

7

and

R 1 R
B = -3 >z (2.19)

In order to employ condition (2.11) the following averages have to be evaluated,

(Hi”)’ ZH / &) P (ej)déy =3 / hY (@) P () de;, (2.20)
(i), =

and consequently,

.\ 0 .\ 0 . . . N .
(), = () =1 @)~ [ @) PP @ e =n @) - ()

+Z/h(” : (&;) dé; (2.21)

J#i

7

(2.22)

while according to Eq.(2.15)
(O, = () = ), = [, B @

Eq. (2.11) then implies, that
B () — (HOY! / (o (&) = (H D), ) P (@) déf = const. . (2:24)

Thus by adding appropriate constants to the mean-field Hamiltonians, hl(-ﬁ) (&),
which does not affect the probability, Pi(m (é;), the below relationship can be ob-
tained

(&) = (HM)) (2.25)

In what follows we shall omit the superscript 0 from the averages.

13
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As a first order approximation we express the trial single site Hamiltonian as
n'(e) =h" e (2.26)

with the Weiss-fields FLE") Multiplying Eq. (2.26) with é; from the left and inte-

grating over the unit sphere using

4
/ 6 @ &ide; = Iy
3
we get:
o 3 )
h = o[ dee(H®), (2.27)

The single site partition function is therefore given by

X PR 4 X
z" = / dé;exp (~Bh{" (é:)) = 5}:(;) sinh 1", (2.28)

where hgﬁ) is the magnitude of the Weiss field. In this way the probabilty function
Eq. (2.18) reads as
Bh{"

Pi(ﬁ) 6j) = ——————
(@) 47 sinh 3 hgn)

exp (—ﬁﬁgﬁ) . éi> : (2.29)

The average of the local moment direction ( which we call later magnetisation) is
then given by
m

™ = () = == [éexp <—ﬁfl§ﬁ) 'éi> de; (2.30)

=
Here we shouldn’t forget, that the local moment has a length p; which we consider
to be independent from é;. This magnetisation, which varies from 0 to 1 describes
just the temperature dependent fluctuations of the magnetic moment, which is

—

7

From Eq.(2.30) and Eq.(2.26) we get
™ = L (ﬁhfﬁ)> ™), (2.32)

where L is the Langevin function L(z) = 1 — coth(z) and BE”) is a unit vector

pointing in the direction of the Weiss field. The Weiss field points therefore in the
direction of the average magnetisation, n = ﬁgﬁ), ie. 715") = hgﬁ) n, such that the
magnitude of the Weiss field is given by

p\" = % / (- n) (H™). de; . (2.33)

14
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2.3 The coherent potential approximation (CPA)

We used the Korringa-Kohn-Rostoker (KKR) Green’s function method to calculate
the Weiss-field on an ab initio level. In the KKR formalism the key quantity is the
scattering path operator (SPO denoted by 7) (see Appendix A).

The commonly used method for evaluating restricted averages in the KKR
method is the coherent potential approximation (CPA) (see Appendix B). Within
the single-site CPA an effective (coherent), i.e., translational invariant medium is

specified by the t-matrices ™ that satisfy the CPA condition (Eq. B.9) ,

? =Z,c )

(20 qen) = [ (=), P ey ae =200 (231

where the index c refers to the coherent medium, and the site-diagonal matrices of

the scattering path operator (SPO denoted by 7 ) are defined as,
(£) =100 (@) (2.35)

with
(@) (5 — 5y @Y @]

DV (&) = [L+ (m, (&) m; . ) Tic ) (2.36)
with m, (¢;) = t; ' (¢;) being the inverse single-site scattering matrix. The coherent
SPO is defined as

—1
™) — (@™ _
"= (@c g()) : (2.37)
In the above equation, double underlines denote matrices in site-angular momentum

(R

space, m

) is diagonal in site indices, while G 0 stands for the matrix of structure
constants (for further details see Appendix A).

By using spherical symmetric potentials , i.e., within the atomic sphere ap-
proximation (ASA) for evaluating the ¢, (é;) matrices, we can use the similarity

transformation of the single-site t-matrices,

ti (&) =R(&) t; 2)R (&))", (2.38)

=1

where for a given energy (not labeled explicitly) ¢, (2) stands for the +matrix with
an effective magnetic field pointing along the local z axis and R (é;) is a unitary
representation of that O (3) transformation which rotates the z axis along é;. From

here, the m,; (é;) matrices can be get by inversion.

15
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The CPA condition Eq. (2.34) can now be rewritten as

/ D™ (e;) P™ (&) de; =1 | (2.39)

or by introducing the excess scattering matrices,

~ ~ -1 N -1 R R -1
X (&) = {(mﬁf? —m, (éi)> —L(‘Zi} = (QY” (&) —1) (z%fi) . (2.40)
as
[x0 @ PO @de=o (2.41)

The calculation of the coherent t(ﬁ) matrices in the above equation has to be solved

self consistently. Starting from a first guess for t ) the TZ(ZZ matrix can be calculated
from Eq.(2.37), then the Xi (é;) matrix can be Constructed from Eq.(2.40). Using
the condition Eq.(2.41) a new guess for the zgz) matrix can be given as proposed by

Ginatempo and Staunton [39] [40].

2.4 Paramagnetic DLM

In the nonrelativistic version of the DLM, in the paramagnetic phase, above the
Curie temperature, where the probability function of the local moment (Eq.2.29) is
simply 1/47, the CPA condition (Eq.2.39) gets a particularly simple form [20]. In
this case the local moment direction dependence of the inverse t—matrix is given by
[20]
t1(&) = ;(t_ +t 91+ ;(t; —t; Yoe;, (2.42)
instead of Eq.2.39, where t¢;, and t;_ is the scattering t—matrix with the local
moment pointing in the Z or —Z direction respectively, & is the vector of the Pauli
spin matrices (Eq.A.16) . The D - matrix in Eq.2.39 also can be expressed as
1

5Dy + Di)1 +

1
5 S(Diy — Di-)oe; (2.43)

D;(¢é;) =
(é:) 5

where

Dix = [1+ (¢ + Y 7em] (2.44)
Calculating the integral in Eq.(2.39) with the paramagnetic probability density func-
tion P(é;) = 1/4m, the term containing é; in Eq.(2.43) gives zero on average, and

we get
1
/D deZ 2(DZ-Jr +D;,0)=1, (2.45)

16
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i.e. the solution of the DLM-CPA can be interpreted as a CPA for a two component
alloy, where 50% of the atoms have an up-spin (+), and 50% down-spin (-). This
version of the DLM was commonly used in the literaure to describe the paramag-
netic state. The Kohn-Sham potential can easily be calculated self-consistently in
this paramagnetic state. Gyorffy and Staunton et.al. used this DLM scheme to
calculate the paramagnetic susceptibilty of Fe and Ni [20] [21]. Later this method
was extended to layered structures, and it was used to investigate the Curie tem-
peratures of fcc Fe / Cu(100) and Co / Cu(100) such as bee Fe /W(100) thin films,
and also the influence of a Cu cap layer on the oscillations of the Curie temperature
in case of Fe /Cu(100) films was explained [22] [23] [24]. Szunyogh and Udvardi
calculated the exchange parameters of the Heisenberg model in the paramagnetic
DLM state for Fe, Co and Ni overlayers on Cu(100) substrate [25]. They calculated
the Curie temperatures from these paramagnetic exchange parameters by using a

mean-field approach.

2.5 Calculation of the Weiss-field

In Section (3.1) we will see that in the spirit of the so-called magnetic force theorem
it is enough to consider only the single—particle energy (band energy) part of the
LSDA total energy, to describe magnetic anisotropy.

O ({eh) = - [ def (e V(e (e) (2.46)

where g is the chemical potential, f (¢, u) is the Fermi function, n(e) is the density
of states (DOS), and N(e) = [°_n(e')de’ is the integrated density of states. The
Lloyd formula [41] provides an explicit expression for N (g, {é}),

N® (e {e}) = No () — %Im Indet (£ (= {e) ™ - G, (2)) . (2.47)

with Ny (¢) being the integrated DOS of the free particles and E(ﬁ) the site-diagonal

single-site scattering matrix. Reformulating the argument on the rhs. as

(0 GGy = (1007 - 6,0) (L= @ (17 @7~ 1V e deh ) ).

(2.48)

The integrated density of states can be written as
N (g:{e}) = No (¢) + NV () + AN® (¢, {e}) (2.49)

17
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where

N 1 X 1 R
N (g) = —;Im Indet ;i”) (e) = —i—;Im Indet (gi") (e)! — G, (5)) : (2.50)

Furthermore splitting ;gc) (¢) matrix into a diagonal and an off-diagonal part AN =
AN; + ANy where
1 X
AN; = ==Y Imindet DV (¢; ¢ 2.51
1 T Z m naev Lz; (87 e ) ) ( )

and
1 . ~
AN, = ——Im Indet (1 — X (¢, {&}) o™ (6)) , (2.52)
T = m— —C

and the excess scattering matrices in Eq.(2.52), defined in Eq.(2.40)
X (e e} {e}) = { X1 (es0) 05}

The AN, term is neglected in the single-site CPA, because expanding the In function
in Eq.2.52, and taking the ensemble averages, only fourth and higher order terms
(n)

remain for X;"’. The restricted average of the grand potential therefore given by

N 1 R R X
<Q(”)>é, =y + —Im/de f (& u(”)) <1ndet 7™ () — Indet an) (e;€;) — (2.53)
i e —C
< E lndetQﬁ»ﬁ) (g; éj)>> .
J#

/ dé; (é; - 7)Indet D™ (e; éi)} . (2.54)

and from Eq.(2.33) we get for the Weiss-field:

n 3 7

2.5.1 Alternative Weiss-field formula

We can also give an alternative formula for the Weiss-field, which is slightly easier to
evaluate. Its derivation starts from the assumption, that for a uniaxial ferromagnetic
system the orientational dependence of the energy of an impurity at site 7, Eq. (2.53),

can be written up to second order in é; = (sin¥; cos p;, sin ¥; sin ¢;, cos¥;) as

<Q(fz)> =Q + Q(ﬁ) + hz(ﬁ)ﬂ -6 + ka’Z‘ cos? ¥ s (2-55)

with k9,; being the on site anisotropy energy. Choosing the local moment tot to
pointing along the & axis (é; = (1,0,0)), we get:

1929, 250

S —
! n, 6’192
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CHAPTER 2. THE DISORDERED LOCAL MOMENT (DLM) THEORY

We can now evaluate the derivative of the restricted grand potential using Eq. (2.53),

Lt (mi(e) —m) 22] . (257)

Calculating finally the derivative with respect to the local moment directions, by

taking a variation with respect to m;, we obtain:
n n om, Ai n n) /A
1+ (om0~ ) 2] = —10 [ 220 pi0

The derivative of the Grand potential is therefore given by

o™y ) om, (&)
761.:— . (’I’L) —1 () (n) 5.
0, 7TIm/def(g,M )Tr{ ) D" (€ )} (2.58)

That has to be substituted into Eq.2.56. The derivatives of m, (é;) can be calculated
as described in ref.[42].

2.5.2 Layered systems

In layered systems (surfaces, interfaces, layered bulk materials), translational invari-
ance is present only in 2 dimensions. An effective way of calculating the Green’s
function in layered systems is the Screened KKR method, which is described in
Appendix (A). In this case the physical quantities are 2 dimensional translational
invariant, so the dimension of the corresponding matrices reduces, and we can use
the layer indices (denoted with p, q) instead of site indices. The layer (p) dependent
Weiss-field is defined as

n 3 7 ~ ~ ~ 7 ~
hz() ) = —4—7T21m/dz—: f (6;,u( )) {/ dépi (épi - 1) Indet Qz() ) (e epi)} : (2.59)
where similarly to the former definition

DY (e5é) = |L+ (b (E56) ' — £ ) 5000 - (2:60)
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Chapter 3

Magnetic Anisotropy

The nonrelativistic quantum mechanics leads to a description of the ferromagnetism
in which the free energy of the system is independent of the direction of the mag-
netisation. This is contradiction with the experience, which tells us that the mag-
netisation generally lies in some preferred directions with respect to the crystalline
axes and/or external shape of the body: this property is known as the magnetic
anisotropy.

In crystallic solids the lattice symmetry splits the degeneracy of atomic orbitals,
a phenomenon which is called as the crystal field effect. Through the spin-orbit inter-
action this anisotropy also transfered to the magnetic moments, creating preferred
directions for the magnetisation in a bulk crystal. This effect is called magneto-
crystalline anisotropy. It’s worth to mention, that neglecting the spin-orbit inter-
action, the crystal symmetry, and the magnetisation is not coupled, i.e. no mag-
netocrystalline anisotropy occurs. In finite pieces of ferromagnetic materials having
less than spherical symmetry, the shape of the sample can also produce anisotropy
through the magnetic dipole-dipole interaction. This phenomenon is called the shape
anisotropy. (The magneto-crystalline and shape anisotropy together is referred to
as the magnetic anisotropy).

The Magnetic Anisotropy Energy (MAE) is defined as the difference between the
ground state energy of two different orientation of the spontaneous magnetisation
MO

MAE = E(M?) — E(MY). (3.1)
Due to the time reversal symmetry the free energy has to be invariant under the

inversion of the magnetisation direction ( M° — —MO ). Therefore if we expand

20



CHAPTER 3. MAGNETIC ANISOTROPY

the free energy in terms of the components of MO = (a1, g, aig) only even powers

of the components occur:

F(MO) = KO + Z k?ijaiaj + Z kijkloziajakozl + ... (32)

i\j i,4k
Furthermore the symmetry of the crystallic system imply some further restrictions
for the form of F(ay, as, a3), and reduce the number of independent parameters.

For cubic system the free energy can be written as
F(M°) = Ko + Ki(0202 + a2a? + a2a?) + Kya2a2a2 + ..., (3.3)

where K7 and Ky are the so-called fourth and sixth order anisotropy constants, re-
spectively. Expressing the components of the magnetisation with polar-coordinates

a1 =sindsinp |, ap = sind cos p and az = cos ) we get
F(M°) = Ky + K (sin® 9 sin? 2¢ + sin® 20). (3.4)

Uniaxial systems (such as surfaces or thin films ) have lower symmetry, and therefore
lower order terms appear in the free energy. E.g. for uniaxial systems with fourfold

rotational symmetry around the z axis the expansion will be
F(M®) = Ky + K1 (02 + 02) + Ky (a? + a2)? + Khala? + ... (3.5)
or in terms of the spherical coordinates (¢, p) a3 = sind cos p, s = sin¥sin @
F(9,0) = Ko+ K sin® 9 + Ky sin® 9 + iK; sin 9 sin?(2¢). (3.6)

Where now K second order, Ksand K} fourth order anisotropy parameters.

3.1 Magnetic Force Theorem

The typical order of magnitude of the total energy per atom is 10* eV. The order
of MAE is about 107% eV/atom for bulk ferromagnets, and 10~* eV /atom for
interfaces. Therefore a numerical accuracy of about 10~ —107% is needed when one
wants to calculate the MAE from the total energy, which is a very demanding task.
The idea, which helps to overcome this difficulty is the Magnetic Force Theorem,

which states that the anisotropy energy can be obtained as the difference between

21



CHAPTER 3. MAGNETIC ANISOTROPY

sums of the eigenvalues of the Dirac equation for different magnetic configurations,
which are just order of 10 eV. This method requires much less computational effort
for the same numerical accuracy.

Assuming that the direction of the spin moment density is Moy the total energy

functional within the LSDA can be written as

E[n(r)7 m(r), MO] = TS[TL(I'), m(r), MO] + En [n(r)]+
Eyc[n(r), m(r)] + /vext(r)n(r)d?’r.

In the ground state the variaton of the energy functional vanishes with respect to

the charge and magnetisation density:

OF 0T° OFEyg OB B
om  on + on + on et =0, (3.7)
5_E _0T° B
om  om om

=0, (3.8)
such that the total variation of the energy in the ground state can be expressed as

E E E ~ .
on om M, oM,

The orientation dependence of the total energy thus

dE OE  OT®
dM, M, OM,

The non-interacting kinetic energy term is defined as

T° = Z d’rh, (1) (%av + ﬁmc2) p(r) = (3.10)

occ

> @ra(r) (20— everr(r) = i Ber(r) BofE ) v (r),

occ

where we used the Kohn-Sham Dirac equation. The total derivative of the kinetic

energy
AT = pp O A gAMO, (3.11)
on om S M,

can be given from Eq.(3.11) as

AT® = —e / Vet (T) An(r)dr — pp / Beg (r)Am(r)d’r + A Z En- (3.12)

occ
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CHAPTER 3. MAGNETIC ANISOTROPY

Comparing the two last equation, using Eq.(3.7) and (3.8), and assuming that By =
My, we get [43)]:

ors 0
— = — En- 3.13
oy ol 2= 819

occ

Together with Eq.(3.9) the Magnetic Force Theorem is retained

dE 0
dvly o, <Z€ ) (34

occ

Although this theorem exactly stands only in this differential form with Mo, pointing
along some easy axis, it is commonly used in an integral form, where the energy

difference is taken between two different directions of the magnetisation,

MAE =) euly, — > ealys (3.15)

This approximation is well tried [44][15]. Since in this approximation only explicit
dependence of the Hamiltonian on MO is considered, the potential and effective fields
are regarded to be the same for the two different magnetization directions (frozen-
potential approximation). The band energy is calculated from the electron density
of states, and the MAE is written as
er
MAE = E! — E? where Ei = / (e — ep)n(e, M;)de. (3.16)

€B

3.2 Torque based formula for the
magnetic anisotropy

For calculating the MCA energy we used the torque method [45] originally proposed
by Wang et. al. In Eq.(3.6) the free-energy with respect to the angle between the
rotational axis, and the average magnetization () was expressed. Reindexing the

anisotropy parameters, and neglecting the sixth and higher order terms we get
F (W) = Fy + Kysin® 9 4+ Kysin* 4. (3.17)
The magnetic torque is defined as the following derivative
dF (v)

T="""
v

23



CHAPTER 3. MAGNETIC ANISOTROPY

It easily can be seen, that for the special angle:

dF (9) _d{e®)

™
T=9="a v

- — Ky + Ky = K. (3.18)

V=m/4

V=m/4

Note that for K > 0 (< 0) the system is magnetized parallel (perpendicular) to
the symmetry axis. In our work we investigated thin films on semi-infinite bulk
structures. In this case the symmetry axis is perpendicular to the plane of the
thin film, therefore positive K means out-of-plane preferred magnetic orientation.
In the above equation we replaced the derivative of the free energy with respect
of the magnetization angle by the corresponding derivative of the grand potential
which follows from an approximation of removing the dependence of h;ﬁ) on n,
héﬁ) = h, , which in turn implies that the spin-entropy term in the free energy is
also independent from 7.

Neglecting the contribution of the entropy to the anisotropy (which is equivalent
of the assumption of direction independent Weiss-fields), the free-energy can be
replaced by the grand-potential. The grand potential from the restricted average by

definition can be expressed as

(Qy — /déi (@), P (&)

Using the Magnetic Force Theorem (Eq.(2.53)) we get for the derivative

() A
aQT(ﬂ) = LIm [ de f (g; 1) 25 { Indet 2 (e)

+ 3, [ deiP? @) nder DY (5160}

here by evaluating the second integral it is worth to use a local frame of reference
fixed to the average magnetization direction (7). In this local frame the probability

function doesn’t have n dependence:

) B
pie gy —— _ B _Bh.¢é*
¢ (&) 47 sinh Gh; exp (= 0hy¢;)
and
A (7 S . S A -1
D () = [1+ (m" (&56) - m{ () 2 ()]
with
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here the rotation matrix R (n) rotates the n axis along the Z axis, R (¢é;) the é; axis
into the 2 axis, and m (;2) = t' (¢;2) is the inverse scattering t-matrix if the

magnetization point to the z axis. We can then expand the derivatives as

0 1Indet 7' ¢ Indet 7' () (¢) 6m§f) ()

C

_Z (n) = . _8,19 : (3.20)

6lndet_f?§ﬁ) (e;61) 5lndetQ§ﬁ) (e;6:) 8@2@ (e)
oY () o

(3.21)

5lndetQ§ﬁ) (g;€;) 8@2@) (;€;)
sm™ (e;¢;) v

)

(3.22)

It is well-known [46] that the CPA integrated DOS is stationary with respect to

a small variation of the coherent ¢ — matix, i.e.:

§ Indet 7 Indet D"
+ Z / déin P loc 6 5 ndet ) (g;€;) _
5m () 5m ( )

5 Indet 7'

5m

()
jLz:/deZ é:) 5lndetDl) (¢ Z):O :
5mk (€)

which in turn 1mphes that

() ; d
DD LSt [ 7 (o) [ dir )

o

y d Indet Qin) (e;€;) 8@2@) (e;6;)
om{™ (; ¢;) o

1

Moreover, for a small variation of mgz) (e;€;),

TeinD," (¢;0) = ~Tetn (L+ (om{" (=) + m" (e56) - m) () 712, (=)

(3.23)
= ~Trin (L+ (m{™ (1) = m{? () 210, () + oml” (56 2 () (3.24)
— TeinD" (c;¢,) — Trin (1 +om™ (e;6) 7, () D (e éi)> (3.25)
~TeinD" (s;¢,) — Tr (mgﬁ (6™ (€)D" (& éi)> (3.26)
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We therefore get for the derivative:

0 Indet Qi(ﬁ) (g;€) 8m§m (g;€) T 8m@) (€565) ()
. o =-Tr | —/———"1
om{™ (s; ¢;) 09 B

where from Eq.(3.19)

om{" (c1¢;) _ OR (i) T _OR* (A)
59 =59 m; (g;¢;) R (n) +E(n)ml-(5,ei)7aﬁ . (3.27)

In using these results in Eq.3.18 we get the LSDA contribution to the magnetic
anisotropy constant, usually termed as the band energy part, K, which in a layered

system can be given as a sum of layer resolved contributions, Kj ),

szz Ky, (3.28)
p
where
1
Ko =2t [ de f i) [ deg P60 x (3.29)
OR (i) =1 et . . 1 ORT ()
Tr {( 59 t,(56p) R(N)T +R(N)L, (g;ép) 50 X (3.30)
< () Dy (e Z-)] : (3.31)
B R S [

Note that for an accurate calculation of Kj, in terms of Eq. (3.29) the CPA

condition has to be satisfied with a high precision.

3.3 The magnetic dipole-dipole anisotropy term

The total magnetic anisotropy energy also consists of a contribution arising from the
classical magnetic dipole-dipole energy (Fy44) which can be approximated by means

of the magnetisation m; at site i as

Eu=Y 1 <mimj _ gl m)(ry 'mj)> . (3.32)

— 7 i
i#j N

1

In the case of completely ordered (T" = 0 K) ferromagnetic layered systems this
equation can be expressed further as [13][15]
; M, M,

By =3 =2 h Dl (3.33)

02
pq
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where ¢ (= 274.072) is the speed of light in atomic (Rydberg) units and the QZZ are
the dipole-dipole Madelung matrices, and the averaged magnetic moment in layer p

is M,,. The corresponding contribution to the uniaxial MAE is then defined as
K= ES) — EY) 3.34
dd dd dd > ( : )

while the total MA constant is given by the sum of band energy and dipole-dipole
contributions

K=K+ Kay . (3.35)

In the present work for disordered magnetic systems as an approximation we cal-
culate the average dipole-dipole interaction energy substituting the configurational

average of the magnetisation (see also Eq. (2.31))
My(T) = 11 (0) my(T), (3.36)

into Eq.(3.33). With this formulation the dipole-dipole anisotropy can be get from
Eq.(3.34).
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Chapter 4

Spin-disorder part of electrical
resistivity

4.1 History of temperature dependent electrical
conductivity calculations

In a ferromagnetic metal in principle there are three main sources of the electrical
resistivity. The first one is scattering of itinerant electrons on impurities, the second
is the scattering caused by the lattice vibrations (phonons), and the third one arises
from the spin-dependent scattering, i.e., interaction with the magnetic spin system
(spin waves). In case of nonmagnetic impurity the first one causes a temperature
independent contribution to the resistivity, magnetic impurities are responsible for
the Kondo effect [47], i.e., for the resistivity minimum at a specific temperature.
For a pure metal we can disregard this contribution. The resistivity due to the

phonon-electron interaction can be well described by the Bloch-Griineisen formula

48], 5
i -x (L) (%). o

where Op is the Debye temperature, K is a constant, and

J(z) = ¢ £od¢ it ax
V=) - —e§) T 124,43 2> 1°

The magnetic part of the resistivity often called as spin disorder resistivity poses a

challenging a subject of solid state physics since decades. One of the mostly referred
theoretical papers on the temperature dependent magnetic resistivity of magnetic
metals is the one of Goodings [32], in which he introduces a theoretical model calcu-

lation for the magnetic part of the resistivity for pure crystalline Fe, Co, Niand Gd.
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He describes the magnetic scattering with a simple s-d Hamiltonian,
Hy=-2) J(r—R,)sS,, (4.2)

where s is the (classical) spin operator of itinerant electrons and S,, the one for those
localised at R,,. The itinerant electrons can be either in an s or in a d band, so they
can be described with a wave number (k), an s or d band index (o = s,d) and a
spin (%). The localized moments form a spin-wave eigenstate, which in turn can be
described by n(q), i.e., the number of magnons with wave number . The transition
probability can then be given as the square of the Hamiltonian matrix element,

T Ka'+,n(q) £ 1|Hal kaF,n(@) =  (4.3)

PkaF — Kd't) = -

2728 1 1
e h N [ (q) + 5 :i: §:| ‘Jaa/<k — k/)‘2 5k’,k$Q'

According to the Boltzmann theory of transport the time derivative of the distribu-

tion function is given by

0
8{ (ko) cottision = Zq:kz/:f (K'a)(1 - f(ka))P(Ka' — ka)—
—f(ka)(1 — f(K'o/))P(ka — K<), (4.4)

where the collision term corresponds to the scattering caused by the electric field,

of _of
ot ot

af (ka=)

ka+)]eoision = A A
( « )]colhslon 6E(kod:)’

— (kad)]saa = v(ka)eE (4.5)

where v(ka) being the electron group velocity, E the electric field, and F is the
energy of the electron. In terms of these quantities the electric current density can

be expressed as
j= egz (ka+) f (ka+) + v(ka—) f(ka—)],
such that from
j=o0oE

the conductivity o can be obtained. Goodings calculated this conductivity with the
help of the variational method, using several approximations such as spherical en-

ergy bands, neglecting the spin-wave umklapp processes, k independence of J,q (k)
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(i.e., representing the s-d interaction by a ¢ function), and the variational method
itself. In spite of all these approximations he got quite a complicated temperature
dependence for the electric resistivity. In particular, he stressed the importance of
the s-d scattering for Fe for temperatures above about 20 K. Below 20 K the s-s
scattering gives the main contribution such that he reproduced the old results of a

quadratic temperature dependence
Omagn X T?  forsmallT.

The parameters J,./, effective masses or Fermi wave numbers k., were taken from
experimental data. The results for Fe (Fig.4.1) underestimates the experimental
curves, however, Goodings took no attempt to exclude the phonon contribution

from the experimental results.

45 7
40- /

35 ELECTRICAL RESISTIVITY 4
OF IRON /

1 i | ! 1 1 L
0 20 40 60 80 100 120 140 160 180 200 220 240
T{K)

Figure 4.1: Theoretical predictions of Goodings [32]. Calculated gmagn magnetic
resistivity of Fe with different values of (kg; — kpo)a shown an the right side of each
curve. The numbers in brackets are the effective mass ratios ms/m;. The dashed
line refers to the experimental total resistivity [49].

The model of Goodings was extended lately by Raquet et.al [33][50], in order
to explain high field magnetoresistance data. They took into account the magnetic
field dependence of the spin wave spectra such as the temperature dependence by
a magnon mass renormalization (i.e., temperature dependent spin wave stiffness).

They evaluated and also measured the magnetoresistance
Ao(T,B) = o(T,B) — o(T, B =0) = Aomagn (T, B) (4.6)

which mainly originates from the magnetic part of the resistivity. They used simi-

lar experimental parameters as Goodings. In addition they fitted the temperature
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dependent magnon stiffness to reproduce the experimental Ap(7T, B) magnetore-
sistence data for Fe,Co and Ni. With these parameters they predicted the magnetic
part of the resistivity (omagn(Z1, B = 0)) from their model. In Fig.4.2 their results
can be seen. The results of their calculations for the magnetic part of the resistivity
in these metals is an order of magnitude smaller than the total experimental resis-
tivity. We have to stress that this model starts from a simple s-d Hamiltonian, and
that they used the same approximations as Goodings (e.g., neglecting the umklapp

processes).

Prnag(T) (H€2.cm)

PragT) & PUT)P,,,, ()

0 40 80 120 160 200 240 280
T(K

K)

Figure 4.2: a, The magnetic part of the resistivity for Fe, Co, and Ni according to
the calculations of Raquet et.al. [33] b: comparison of the magnetic part with the
total resistivity o(T).

The other early theoretical approach for the temperature dependent resistivity
of Fe and Ni alloys was based on the so-called two current model, proposed by

Albert Fert et.al. [51][52][53]. The two-current model of ferromagnetic materials
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assumes, that the electrons can be grouped into two class, one with spin up (T)
electrons, and the other with spin down (]). In the electron scatterings the spin
conservation was assumed to dominate, at least at low temperature. In addition, to
the spin conserving processes Fert et.al. included a temperature dependent spin-flip
scattering term described by the parameter gy (T). Thus the total resistivity was of

the form:
_ o101 +oplor + o)
or + o +4epy
where the parameters g;, o) are formulated within the Boltzmann theory. By van-

(4.7)

ishing spin-flip scattering (o;; = 0) the equation gives the resistivity of parallelly
connected T and | spin channels. Fert et.al. used the below form for the temperature

dependent resistivities

06 = Qoo + QU(T)-

Detaching thus the residual resistivity (0o,) with o =T, | . The g, scattering arises
from spin wave scattering, thus it is negligible at T = 0K. Using these assumptions
they obtained the following expression:
(o — p)? ) (o — 1)?
TY=0o(T)—0o= (14— ) 0:(T)+ ——=01(T), 4.8
0 = o)~ o= (14 (528 ) a0+ (@), ()
where

a:QOL/QOT7 M:QL(T)/QT(T)v

and

o oMo (T)
a) = QT+ 0 (1)

They fitted the parameters «, i to the experimental results, as well as parameters

c1 and ¢y to the temperature dependent resistivity
QZ(T) = ClT2 + CQT4.

They also fitted the resistivity o;,(7"). However, they tried to give [54][55] an ana-
lytical expression for gy (7') starting from an s — d Hamiltonian (similar to Eq.4.2 )
and calculating the relaxation time within the Boltzmann theory. They succeeded
to give the qualitative dependence of oy (7"), which however, for Fe differed quanti-
tatively from the experiments by a factor of 2 [54]. Later they fitted the o;,(7) to
the experiments and obtained results for o(7T") (Eq.4.7) in fair agreement with the
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experiments for Fe and Ni alloys [55], but the large number of fitting parameters
weakened the predictive force of their theory. Later on the two current model was
criticized by A. Vernes et.al. [56], who showed that the two current model fails two
orders of magnitude for the resistivity of Co-Ni alloys when compared to results
based on calculations using a fully relativistic Kubo-Greenwood formalism. Accord-
ing to their argument, the difference arises from the dominance of the spin-orbit
coupling induced spin-flip scatterings.

For dilute magnetic alloys a widespread description of the electrical conductivity
in the literature given in terms of spin-spin correlation functions, first proposed
by de Gennes and Friedel [57]. Their theory starts from a similar s-d interaction
perturbation as in Eq.(4.2), where the s denotes the conduction electron spin, S; a

localized spin on site ¢, and I an assumed site-independent interaction,

V=1 sS, (4.9)

Expressing the transition matrix element in the Born approximation !

2
Pkay = Ka'y/) = = [(Ka'/ |V ] kay) . (4.10)

in which the delocalised electrons are described by the wave function |k) = cie’®®
« is the spin quantum number of the delocalised electron, ~ is the same for the
localised moment. One easily obtains

2

P(kay — Ka'y') = IZ% (ISl ) TR — (411

:_IQZ‘UO“” ’V‘S |fy><fy ‘S |7> i(k—k')(R;— R;)

ij

When used in Eq.(4.4) we have to sum up over all the local moment states

0
af (k)] coltision = ; g FKa) (1 — f(ka))w, P(Ka'y — kay)—
—f(ka)(1 = f(K'a))w,P(kay — k'a'y'), (4.12)

Indeed here we neglect higher order scattering terms (i.e. electron scatterings through inter-
mediate states), which can lead to the Kondo effect.
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where w,, is the occupation of state v. From Eq.(4.11) one obtains

2

W(koz _ k,O/) _ Zwyp(ka’)’ _ k'o/v') _ 312 Z <Sz . S]> ei(k—k/).(Ri—Rj)_

7Y j

(4.13)
In the relaxation-time approximation to the Boltzmann equation the relaxation time

can be given by [48]

% N / (;l:;?’ > Wika — Ka)[1 - cos(k, K], (4.14)

from which the resistivity follows as

m*

(4.15)

" ne? T(ep)’

with m* being the effective mass. Introducing the spin-spin correlation function
Xij = (Si - 8;) — (Si) - (S;),

it can be seen that in the case of a bulk translation invariant material (S;) = S,

therefore the term
D (Si) (Sy) e FIRR) — N2G25,
ij
doesn’t give contribution to Eq.(4.14). Therefore the resistivity can be expressed in

terms of the spin-susceptibility:

h ne?

2rm* dk’ M — cos ,
0 IN/<27T)3X(k k')[1 (k, k)], (4.16)

where

x(q) = Z Xoje . (4.17)

With similar (but more detailed) calculations the peak in the temperature derivative
of the resistivity in Ni around the Curie temperature was explained in the 60-ies
[58][59], and the role of the short range order in the resistivity was stressed. A
similar theory was given by Haas [60] for magnetic semiconductors , who found a
maximum in the resistivity at the Curie temperature. This resistivity peak was
measured for magnetic alloys (e.g. (Fe;_, M,)3Si [61] ) and dilute semiconductors
(e.g. (Ga,Mn)As [62] [63]) . A more recent parametric model calculation for the

resistivity peak using a similar s-d Hamiltonian can be found in Ref [64].
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4.2 Magnetic part of electrical conductivity

For our electrical conductivity calculations we used the linear-response theory of
Kubo [65]. In this approximation the static (q = 0, w = 0) electrical conductivity
is given by [66]:

h
O-MM = ]\;Tvt <Z JrlénJ#m(s (5F - Em) 5 (EF - En)> ) (418)

m,n

where = {z,y, z} refers to the direction, N is the number of atoms, V,; is the
atomic volume, (...) refers to the average over spin configurations, and J* is the

mn

current operator matrix element,
Jon = (m[J*[n)

in the basis of the eigenstates |n) of the unperturbed Hamiltonian, where the current
operator is given by

—

. Qe_rziW(r)(V — V)i (r), in non-relativistic case
J(r) = . (4.19)
ect(r)ad(r), in relativistic case

In the Green’s function formalism:

S In) (0l 6 (e — ) = —% ImG* () —%[G%) —G (o), (4.20)
with the notation
nliriloG(é? +in) = G*(¢). (4.21)

The 6 functions in Eq.(4.18) can be replaced such that

7h

O-MM = Nvat

Tr (J*ImG* (ep)J" ImG™ (ef)) - (4.22)

Using the notation

lim e +in =e*,
n—=+0

we can further express Eq.(4.22) as
1 - - - _
Opp = Z{Uuu(5+>5+) + (e, e7) — Uuu(5+75 ) = Ouule 9 (4.23)
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where

h
]\;Tvat Tr (J*TmG ™ (e1)J" ImG ™ (£2)) ,
(ie{etey ; i=12).

&MM(ED 52) =

Using Eq.(A.27) the Green’s function can be expressed in terms of the KKR quan-
tities. We calculate the resistivity of a region consisting of n intermediate atomic
layers, and surrounded by two semi-infinite systems of the same material. If n tends
to infinity, the resistivity converges to the bulk value. It can be shown that the
second term on rhs of Eq.(A.27) is real [67] 2, so it doesn’t contribute to Eq.(4.22).
The term containing the SPO gives [27]:

Guu(€1, €2) Z Z Z Z tr<Jp £9,€1)T" ‘”(51)J (61,52)1qj’pi(52)>,

p=1i€I(L2) q=1 jeI(L2)

(4.24)
where we have to sum up for the pair of sites {7, j} which can be situated in every
possible layers 0 < p,q < n. C contains all the constants, and (Ls) contains all the
indices belonging to a simple two-dimensional lattice Lo .

In the basis of regular scattering solutions (Z} (rp, €)) the matrix elements of the

current operator (Eq.(4.19)) are given by:
eh

JP v =— | % + 8, d® 4.25
AN (e1,€2) im s A(Tp0,€1) 0 (T, €2)d°Tpo, ( )

with A = (Im), in the nonrelativistic case, and
J;I;,AA’ (51, 62) = eC /VVS Z/];(I'po, 51)+OzMZK,(I'p0, 62)d3rp0, (426)

with A = (ku), in the relativistic case. Provided that two-dimensional invariance

applies in all layers under consideration we can make use of the fact that
J5(51,€2) = J50(61,€2) = Jgi(El,ffg) Vi € ](Lg), (427)

and from which one easily can see that for each layer p the sum over i € I(Ls) gives

N times the same contribution, therefore

Gyu(1,€2) ZZ D tr (i (g2, £1)7P" (1) L2 (€1, £2) 790 (22) )

p=1 g=1 \jeI(L2)

(4.28)

2In the relativistic case the proof is more complicated.
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Neglecting the so-called vertex corrections [67] we can calculate the conductivity as:

Guuler, €2) ZZ Z /deode] ({éo, &;}) % (4.29)

plq 1 jel(La)

X tr <J (62,51,60 <7_p qJ(€1)>pOquJele(€1,€2,€] <7’q‘]p (62)>qjéj,p0éo)’

where the restricted averages <zp0"” <€1)> . we are obtained by fixing the local

p0€o,qj €;
moment directions in site 0 and j, and average over all the other lattice sites. Notice

that the current matrix is direction dependent, from the transformation of Eq.(4.26)

J/J' AA/(€17€27 Z Z OAF’RMVJIJFF/(El?gQ)OF/A/ (430)

T v=1,3

where Jﬁ,FF’(Eh €9) is the current matrix if the local moment points along the 2 axis,
O,rand R, are the representations of the rotation which takes the Z axis into the
¢ axis in angular momentum and in real space, respectively.

We can calculate the thermal average of the SPO-s using the coherent potential
approximation. The sum in Eq.(4.29) can be split up into a site-diagonal and an
off-diagonal term:

Gup(e1,€2) = 6y, (€1,€2) + G, (€1, €2), (4.31)

where the diagonal part will be:

Z / 4eP (@) tr (20, 20,6) (97(61) o JE(e1.0,) (7P 22)) )

(4.32)
By employing the CPA the restricted SPO-s can be expressed from Eq.(B.11), and

we get

(€1, €2) Z/deP tr b(e2,€1,€)TEP(e1) % (4.33)
xDP(e1,6).J% (e1, €2, €)TEP (€2) DP (g2, €)]
where we used the underlying two-dimensional translational invariance,
TPP(gy) = PP (e1) Vi € I(Ly). (4.34)
The site off-diagonal part can further be decomposed into two terms,
G, (e1,62) = 07, (e1,€2) + G, (€1, €2), (4.35)
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where

) C n n . .
Gran(E1,82) = — SN 1=6p) Y tr(Lhler,e))T™V(e1) L4 1, 82)T(e2))
p=1 ¢=1 JeI(L2)

(4.36)

C n n . .
e == > 6 Y (e )T V(e Ll (er, )1 (e))
p=la=l  GAOEI(L2)

(4.37)

2 i refers to

pop
sites in one and the same layer. Using again the CPA for the restricted averaged

As one can see 52, arises from sites located in different layers, while 53

I

SPO (Eq.B.12) and neglecting the vertex corrections we get for 57,

L(en,e) §:§: b)) 3 /:/dedq (6)Py(é5)

p=1 q=1 JEI(L2)
xtr{Jp(EQ,sl,e,)[) (1, 8) 7% (1) D (e, é) ¥
XiZ(Eh 52)Dq(€27 éj)lgj’po(é?z)Qp(E% éi)} ) (4.38)
with
D"(e1,8) = [I +12°(e1) (m, (€1, 8) — m (1))
Or, using the below quantity

~p,av

™ (g 01) = / 0, P(6) D (22, 6) J2 (20,21, 6) D" (21, 01), (4.39)

Eq.(4.38) can be reformulated as

(o2 = C3 S 1) T e e eI ) .

p=1 ¢=1 jeI(L2)
From the Fourier transformed form:

1 . .
———/amﬁﬁ@ﬁm%,

() = QsBz

—C

and using the orthogonality relations

D (e (o) =

JEI(L2)

/ P9k, e1)19 (K, £5)d*k
QSBZ
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we get for 57, (¢1, €2),

(1-— 4.4
(51752 nQSBZ Z Z Opa) (4.40)

p=1 ¢q=1

/tl“ {iiav(é?z, 51)Icpq(]§> 81)1Z,av<€1’ 52)Igp<ka 52)} d*k.

Similarly, for 53 we obtain:

C

n{spyz,

Gy, (e1,62) = X

X Z/tl" {ii (2,21)1%P(k 1), (e1,2)2P (K, 52)}d2k‘+ G (e1,82) (4.41)
with

n
p=1

~ 3 corr c - 5.5 5 5
0'2“ <€1,€2) = ——Z//deideij(ei)Pq(ej)x
xtr{J (62,21, é1) D" (1, &)1 (1) DP (€1, ;) I €1, 22) D (eg,éj)zgp(eg)gp(sQ,éi)} _

¢ & 7P,av =p,av
e LR PANCHN L CAV A CNNECA) (4.42)
p=1

Collecting all the terms, the electrical conductivity obtained from Eq.(4.23) is of the

form

&MM(51752) =
= %Z {/dép(é) tr (2 (g2, €1, €)TP (1) DP (1, €).J% (€1, €2, €)T2P (€2) DP (€2, €)) —
—tr (iz’ (€9,€1)T? (61)ji7av(€1,52)chp(€2)> +

~q,av

P& pq ap (. 2
QSBZ Z/ g, “(eq,e1)72(k, e1)d, (e1,62)1¢ (k:,gg)}d k} (4.43)
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Chapter 5

Magnetic anisotropy results

5.1 Callen-Callen single-ion anisotropy

The results of Callen and Callen [68] for a single-ion anisotropy was the only theory
for the temperature dependent magnetic anisotropy until the 90s, and was used
frequently in the literature. This theory assumes that the anisotropy is confined to
a single-ion anisotropy, i.e., just the second term on the rhs. of Eq.(D.1) contains
anisotropy, assuming the exchange matrix to be isotropic. In this case the free-

energy can be written in the form [68]
F=Fy+» rla(S), (5.1)
!

where coefficients k; are regarded to be temperature independent, and ¢;(S) are I-th
order polynomials in the direction of the spin orientation S. The g; are defined by
the symmetry of the system, and (...) refer to thermal averaging. These g;(n) can

be further expressed in terms of the spherical harmonic expansion,
F=F+Y my a"(¥;"(S), (5.2)
l m

where S is the direction of the spin orientation. Choosing a frame of reference fixed

to the average magnetization direction 7, this can be further expressed [68] as
F=Fy+> m(Y(8))a), (5.3)
!

where S’ is the spin orientation in the frame fixed to n. From this equation, it easily

can be seen that the temperature dependent anisotropy coefficients are given by
K(T) = m (Y'(S)) (5.4)
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and therefore,

D) _ <>> 55

Note that the magnetisation is th [ =1 case of the rhs,
i) - S o6
Eq. 5.5 can be expressed in terms of m(7") in two limiting case as was shown in Ref.
[68]. For small temperatures (m(7') = 1)
Ky(T) 1(141)
Ki(0)

forsmall T, (5.7)

whereas for large temperatures, close to the Curie temperature, where m(7') — 0 :

Ki(T)
Ki(0)

In uniaxial systems the lowest order invariant polynomial is second order, i.e., the

w m(T)) forT — T, (5.8)

first non-vanishing coefficient belongs to [ = 2. Therefore the magnetic anisotropy
K(T) oc m(T)? for large m (small T), and K(T') o m(T)? for small m (large T').

In cubic bulk systems the lowest order invariant polynomial is of fourth order,
therefore K(T') oc m(T)*¥ for large m (small T), and K(T) oc m(T)* for small m
(large T').

5.2 Computational details

The present Chapter address the calculation of the magnetic anisotropy of bulk fer-
romagnets, and magnetic thin films in an ab initio level. As described in Chapter (2)
and (3) we implemented the DLM theory in the KKR formalism. To test the theory,
we performed realistic calculations for bulk FePt, FePd and CoCu(100) thin films.
The calculations were performed by using the relativistic version of the Screened
KKR method (as described in appendix A) within the LSDA as parametrized by
Vosko et al. [69] and the atomic sphere approximation (ASA). Self-consistent poten-
tials were calculated both for the ferromagnetic ground state and for the paramag-
netic state; these potentials then were used for the DLM calculations at finite tem-
peratures (see below). The experimental lattice constant of bulk Cu (a = 6.83 ay)
was used, i.e., no attempt was made to include geometrical relaxations of an fcc(001)

parent lattice.
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For a fixed orientation of the average magnetization n and at a given temperature
T, our strategy for determining the layer (denoted by p) dependent effective ¢—

™) and Weiss fields hﬁ,ﬁ) simultaneously, is as follows:

matrices t,

1. Choose an initial (usually uniform) set of h.

2. Solve the CPA condition (as described in section 2.3), with the corresponding
probabilities, P (€pi), Eq. (2.29).

For this step we employed the method proposed by Ginatempo and Staunton [39],
while we performed the integral over orientations (Eq.2.41) in terms of a cascade
adaptive sampling. This turned out to be numerically very efficient when using a
local frame of reference with the z axis fixed parallel to the average magnetization
direction, since in that case P,,(ﬁ) (épi) depends just on ¥,,. The CPA loop was
iterated up to a relative accuracy of 10~ for Qc,(ﬁ).

3. Calculate a new set of hl(,ﬁ) from Eq. (2.33) or (2.56).

An asymmetric sampling of 16 points on a semi—circular contour in the up-
per complex semi—plane was sufficient for the corresponding energy integration to
achieve a relative accuracy of 10~ for héﬁ). In order to keep this accuracy, the
BZ integration of the scattering path operator (zf;;ﬁ) (k)) was performed by using a
variable k-mesh with a maximum of 465 k-points in the irreducible (1/8) wedge of
the BZ for energies close to the Fermi level.

4. Repeat steps 2 and 3 until convergence of h;ﬁ) is achieved.

By using Broyden’s second modified method [70] we needed just 5-10 iterations

in order to reach the above mentioned accuracy.

After having obtained well converged Weiss fields and effective t-matrices the
band energy part of the magnetic anisotropy (MA) constant K3, see Eq. (3.28), was
calculated using Eq. (3.29). It turned out, however, that unlike the local moments
the MA constant is very sensitive to the self-consistent potentials used. Clearly, a
self-consistent calculation of the effective potentials and fields at each temperature
would complete the R-DLM scheme described above. To mimic the temperature
dependence of the potentials and the exchange fields, here we used an approximate
procedure which at least recovers the limiting cases, i.e., T = 0 and T > Tg,
correctly. At T = 0 the ferromagnetic ground state of the system is described

by the self-consistent potentials and exchange fields, V¢, and BY.,,, while above
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the Curie temperature the system is in the paramagnetic DLM state (see section
2.4), specified by V},, and B%,,, respectively. The temperature dependence of the

potentials was then approximated by
VI(T) = my(T)Vpp + (L=mp(T)) VEy, (5.9)

and similarly for the effective fields, with m,(7) being the layer dependent average
magnetization at a given temperature T, see Eq. (2.32). The parameters for the
energy— and the BZ-integrations used for the Weiss fields were sufficient to achieve

a relative numerical accuracy of 5 % for K.

5.3 Bulk anisotropy results

The relativistic version of the DLM (R-DLM) to describe ferromagnetism and mag-
netic anisotropy below the Curie temperature was first implemented by Julie Staunton
et.al. in 2004 [71]. They investigated the Llg-ordered FePt. This is a layered bulk
ferromagnet, where the Fe layers provide large magnetic moments, while the Pt are
non-magnetic, but exhibits large spin-orbit coupling. The exchange field of the Fe
moments induce magnetic moments on the Pt atoms giving rise to a large mag-
netic anisotropy, because of the large spin-orbit coupling of the Pt atoms [72]. This
large magnetic anisotropy made FePt to be one of the most promising material in
the magnetic recording industry [4]. Staunton first determined the magnetisation-
temperature curve and got 935 K for the Curie temperature in reasonable agreement
with the experimental value of 750 K [73]. She calculated the magnetic anisotropy

energy as the free-energy difference,
MAE = p(00) _ [p(100), (5.10)

The results plotted versus the magnetisation squared can be seen in Fig. (5.1). As
can be seen from the figure apart from 0.9 < M(T)/M(0) < 1 the results show
a K(T) o< [M(T)]? behavior in good agreement with the experiment[73], and in
contrast to the Callen-Callen model, which is also shown in Fig.(5.1).

Later on we [74] investigated L1y — FePd and got similar results as for FePt (see
Fig. (5.2)). The calculated anisotropy results fit again to a Ko[M(T)/M(0)]? curve.

The calculated value for the zero temperature anisotropy of 0.335meV agree well
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Figure 5.1: Magnetic anisotropy of L1,—FePt as a function of the squared magneti-
sation from Ref. [71]. The filled circles are the results of R-DLM calculations, the
full line refers to Ko[M(T)/M(0)]?, the dashed line to the single ion model function
Ko (YD(S), /(YS(S)), (see Eq.5.5) with Ky = —1.835 meV.

with the experimental result of 0.373 meV [75], exhibiting an out-of-plane preferred
magnetization direction. We also calculated the second and fourth order anisotropy
parameters (see Eq.3.17), from the magnetic torque in two different orientation. For
VU1 = 7/4, 1 = 0 the torque (Eq.3.18) Ty = —(Ks+ K,), while for ¥, = 7/3, ¢, =0
we obtain Ty = —?(KQ + %K4). The gained results show that K, is an order of
magnitude smaller than K, which agrees with the general theory that the anisotropy
constants tends to zero with increasing order [76]. The deviation from the Callen-
Callen single ion model results were explained in terms of anisotropic exchange
interactions.

Lowering the chemical order in L1ly-FePt (randomly interchanging Fe and Pt
atoms) cause a decrease in the magnetic anisotropy. The totally disordered Feso Pts
solid solution has an order of magnitude smaller anisotropy than the ordered L1,
phase. Indeed, the disordered FesqPtsy has cubic symmetry, i.e., fourth order
anisotropy. The anisotropy coefficient K in Eq.(3.4) can be determined using the
DLM from the torque

1

T,(0 =7/2,¢ =1/8) = K? (5.11)
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Figure 5.2: Magnetic anisotropy of L1y—FePd as a function of squared magnetisation
from Ref. [74]. The filled circles denote the results of R-DLM calculations, the full
line refers to Ko[M(T)/M(0)]?, and the dashed line depicts the function proposed
by the single ion model function Ky (Y7(S")), /(Y2 (S)), (see Eq.5.5) with K, =
—0.335meV.

The results for K are shown in Fig.(5.3). The Callen-Callen model predicts K (T") o
m* for small m, and K(T') oc m'? for m — 1. Quite contradictory the R-DLM results
give K(T) o< m* for small m and vary as m” for large m. Fig.(5.3) also shows for
comparison the behavior of both the single ion anisotropy model with an anisotropy

2 2 2 2 2 2 : -
energy-term k>, (€2 €2, + e, € te; e ) and an anisotropic exchange model

T,0Y, T,
12AT %2, (692371‘632/,]‘ +epel i+ ezyieivj) with &k = AJ = 8.4peV . As can be seen

from the figure, the ab initio results can be understood from an interpretation based

on a predominantly anisotropic exchange interactions.

5.4 Application to Co films on Cu(001)

Ferromagnetic Co films are known to grow epitaxially on Cu(100) due to the small
lattice mismatch and show a strong in-plane magnetic anisotropy [77][78]. As this
system is experimentally and theoretically well-studied it is most suitable for an

application of the relativistic-DLM (R-DLM) scheme for layered systems. We per-
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Figure 5.3: The magnetic anisotropy constant of the cubic magnet chemically dis-
ordered Fesy Pts, as a function of fourth power of the magnetisation from Ref. [74].
The filled circles show the result of the ab initio theory, the dashed line the single ion
anisotropy model, and dotted-dashed line is the solution of an anisotropic exchange
model.

formed calculations for film thicknesses of n=1 to 6 monolayers.

In Figure 5.4 the calculated layer dependent magnetizations are shown as a
function of the temperature for the case of the Co, film. As can be inferred from this
figure the magnetization in all layers vanishes at T-=960 K. Interestingly, however,
the shape of the curves differs from layer to layer: the largest overall magnetization
corresponds to the surface layer (), the lowest to the interface layer (S — 3). This
behavior can be attributed to a well known tendency of enhanced ferromagnetism
[25][79] (i.e., enhanced Weiss fields) at the surface due to the reduced coordination
of the Co atoms, while at the interface a weakening of the magnetic interactions is
expected due to hybridization between the electronic states of the Co and Cu atoms.

This reasoning can be justified by comparing the DLM results with the mean—
field solution of a classical Heisenberg spin model. Supposing isotropic exchange

interactions, J,,, the mean-field energy is of simple form,

1
Hyp =~ > my Jygmy (5.12)

rq
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Figure 5.4: Average magnetizations, m,, see Eq. (2.32), versus temperature for
Co,/Cu(100) as obtained from the R-DLM calculations. The label S refers to the
surface Co layer, while S —n (n = 1,2,3) to the n-th Co layer under the surface.

while the corresponding Weiss-field,
hy =Y Jygmy (5.13)
q

can be used together with Eq. (2.32) to determine the average magnetizations,
m,, as a function of the temperature. Fig. 5.5 shows that the corresponding re-
sults with parameters J;;=155 meV, Jy2=90 meV, J33=70 meV , Jyu=115 meV,
J19=J3,=100 meV, and Jo3=70 meV (labels 1, 2-3, 4 indexing the surface layer, the
in between layers and the layer adjacent to the substrate, respectively) fit well to
the results obtained from the DLM calculations. From this model study it obviously
turned out that the asymmetry of the exchange parameters, in particular, Jy; > Jyq,
and Jos > Js3, is the main source of the asymmetry of the magnetizations, since by
choosing Ji; = Jyu4, and Jyy = J33 this asymmetry is completely removed.

From Fig.(5.5) it is obvious that the magnetisation, correspondingly, also the
Weiss-fields vanish at about 950 K. This temperature is clearly associated with the
Curie temperature of the Co,Cu(100) film. In Fig 5.6 we plotted the Curie tem-
peratures calculated for different Co layer thicknesses. These values are consistent
with those of Szunyogh and Udvardi [25] obtained from a mean field solution of
a Heisenberg-model containing exchange parameters as calculated in the paramag-

netic DLM state. Razee et al. [23] derived the Curie temperature of Co,,/Cu(100)
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Figure 5.5: Average magnetizations, m,, see Eq. (2.32), versus temperature for
Co,/Cu(100) as obtained from a mean-field solution of an isotropic Heisenberg
model (see text for the exchange parameters used). The label S refers to the surface
Co layer, while S —n (n = 1,2,3,4) to the n-th Co layer below the surface.

by directly evaluating the spin-susceptibility from the paramagnetic DLM state. Al-
though a smaller Curie temperature for the monolayer case was reported, for thicker
layers they obtained roughly the same results as here.

Experimentally much smaller Curie temperatures were measured, in particular,
for very thin layers, while T increased with increasing film thickness according to
a power law [77][78]. The reason for the disagreement with respect to experiment
can be attributed either to the mean-field approximation used in the ab-initio DLM
theories that is most critical for very thin layers, or to incomplete layer growth in
the experimental studies, again most critical for thin layers. The experimental value
of about 950 K for large thicknesses of Co (Ref. [78]) is, however, in good agreement
with our present results. Experimentally the investigation of sharp surfaces was
possible only until 3-4 monolayer thickness, because of the Co-Cu intermixing on
the phase boundary at higher temperatures.

In terms of a spin-wave theory and by using estimated bulk parameters for the
magnetization and the exchange field, Bruno [81] obtained about 200 K for T of
the Co;/Cu(001) system. Pajda et al. [82] performed first-principles calculations
for the exchange parameters, Jj;, in the ferromagnetic ground-state of Co;/Cu(001)

and showed that by solving the Heisenberg spin-model within the Random Phase
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Figure 5.6: Curie temperature versus Co layer thickness on Cu(100) surface. The
experimental results from Ref [80][78]. The blue line shows the experimental bulk
Co Curie temperature.

Approximation (RPA) reduces the calculated T to 426 K as compared to a value
of 1043 K predicted by the mean-field theory. In a recent review [83]} Jensen and
Bennemann showed that a strong enhancement of the exchange coupling in the
surface layer can lead to a considerable deviation from the power scaling law for
Tc and can result even in an enhancement for very thin magnetic layers. This
observation qualitatively explains the trend to be seen in Fig.5.6 .

In Fig. 5.7 the calculated band energy contributions of the magnetic anisotropy
energy, K, are plotted as a function of temperature. The corresponding values near
T'=0 are consistent with previous calculations of Szunyogh et.al. for the ground state
in terms of the relativistic Screened KKR method showing quite large fluctuations
with respect to the layer thickness (see Fig. 1 of Ref. [16]). Similar to the bulk
systems studied before [71][74] the MA constant decreases in the monolayer case
almost monotonically in magnitude with increasing temperature. For thicker films,
however, K;,(T) shows a non-monotonic temperature behavior with a more or less
pronounced maximum. In addition, for the cases of n > 3, K,(T") also changes sign
at a given temperature. This kind of behavior did not show up in early studies based

on the Callen-Callen model or in ab-initio calculations [71)[74][72] of K(T).
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Figure 5.7: Band energy part of the magnetic anisotropy constant K,(T") for
Co,,/Cu(100)

In order to explain this unusual result we again used a classical Heisenberg spin
model, which includes terms arising from relativistic (spin-orbit coupling) effects to
describe magnetic anisotropy. These include not only on-site anisotropies, K, but
also anisotropic exchange interactions, J5° # J37. As shown in Appendix D the

anisotropy of the mean—field free—energy is given by
€T 4 1 T zZz 3
K=F"—F"= _52% (T — Ty mg+ Y K, (6—}%% + 1) . (5.14)
pa p

This equation was used to fit the exchange anisotropies, AJ,,=J5= — J37, and the
on-site anisotropies, K,, to the K,(T) values obtained from the R-DLM calcula-
tions. Note that in order to reduce the number of fitting parameters, unlike the
interpretation of the layer dependent magnetizations, in here we restricted ourselves
to exchange parameters being symmetric with respect to layers. Indeed, from our
tests, we found the moderate asymmetry of the magnetizations, see Fig. 5.5, to
have only a very little effect on the MA constants obtained from the spin model.
Furthermore, for some cases we also checked our results by comparing them with a
full solution within the mean—field theory [84], i.e., by using the canonical partition
function with an exact account of the on-site anisotropies and of the orientational

dependence of the magnetizations, and obtained a nearly perfect agreement between

the two approaches.
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The fitted parameters are listed in Table 5.1, while in Fig. 5.8 the corresponding
magnetic anisotropies, Eq. (5.14), are shown. As can be seen, the MA constants
obtained from the spin model compare qualitatively well with the DLM results,
Fig. 5.7. Inferring the parameters in Table 5.1 it is obvious that the exchange
anisotropies, A.J,,, are of the same order of magnitude as the on-site anisotropy
energies, K,, but of opposite sign. Clearly from Eq.5.14 the exchange anisotropy
part of the MAE is proportional to m? while the on-site anisotropy term follows the
Callen-Callen behavior, i.e., K oc m? for small m, and K oc m?3 for large m. Thus,
an interplay of these two terms in an itinerant electron system can lead to a thermal

reorientation transition.

Parameters
J%, =336, AJy; = 0.36, K1 = —0.615
Jf = J5, =136, AJy; = 0.36, J7, = 100, AJig = 0.64, K1 = —0.37, K3 = —0.615
Jf = J55 =136, AJy; = AJdss = 0.36, J5, = 60, AJyy =0,
Iy = J55 =100, AJ1g = Adys =04,
K1 =-0.37, Ko = —0.425, K3 = —0.615
4 Jf = Ji =136, AJi1 = Adyy = 0.36, J55 = J55 = 60,
Ay = AJds3 =0, Ji = J5, =100, AJi2 = AJdss = 0.23, J553 = 60, AJyz =0,
Ky =-037, Ko =0, K3 =—-0.37, K, = —0.615
5 Jf = JE =136, AJ11 = Adss = 0.36,J5, = J55 = J5 =60, Adag = AJdsz = Adyy =0,
I = Jjs =100, AJie = Adys = 0.8, Jaz = J34 = 60, AJag = AJzs =0,
Ky =-0.37, Ko = —-0.37, K3 = —0.37, K4 = —0.615, K5 = —0.615,
6 Jf = J§g = 136, AJi1 = AJdes = 0.36,
J5y = JE =60, Adog = AJss =0, J53 = Jj;, =20, Adsz = AJyy =0,
Iy = JZ; =100, AJg = AJdsg = 0.36, J55 = J5, = Jus = 60, Adag = Adzs = Adys =0,
Ky =-037, Ke=0,K3=0, K4 =0, K5 = —0.4, Kg = —0.615

[SUI RNy s

Table 5.1: Model parameters, Jp,, AJy, = JiZ — Jo¥, and K, see Egs. (5.13) and
(5.14), fitted to the temperature dependent MA constants of the Co,,/Cu(100) films
as obtained from the R-DLM calculations. All parameters are given in units of meV.

In order to demonstrate this effect we performed model calculations for the MA
constants of the Coz/Cu(100) system by uniformly scaling the exchange anisotropies,
AJyg=xAJJ!" and the on-site anisotropies, K,=yK/", with AJ/!* and KJ" taken
from Table 5.1. As a constraint we kept the MA constant at T=0 fixed, from
which the scaling factors y can uniquely be determined as a function of z. The
corresponding MA constant vs. T curves are plotted for selected = values in Fig. 5.9.
As can be seen in this figure, by decreasing the exchange anisotropy the MA constant

gradually decreases and the reorientation transition completely disappears below
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Figure 5.8: Magnetic anisotropy constants vs. temperature obtained from a mean-

field approach of the Heisenberg model, Eq. (5.14), with the fitted parameters listed
in Table 5.1.

about x=0.5. For vanishing exchange anisotropy, x=0, the Callen-Callen behavior
is recovered. In the case of AJ,, = —0.2AJ]§Z’5, similar to the L1y-FePt and FePd
systems [74]. a nearly K o« m? dependence over the whole temperature regime is
obtained. Thus the remarkably different behavior of K(T") for different itinerant
metallic magnets, i.e., L1o-FePt and FePd vs. Co, /Cu(100), can be interpreted as
an effect of different magnitudes and, in particular, of different signs of the exchange
anisotropies with respect to the corresponding on-site anisotropies.

As mentioned in Chapter 3 the total magnetic anisotropy energy is obtained by
adding the magnetic dipole-dipole contribution, see Eq. (3.34), to the band energy
part, Kp(T'). The corresponding results can been seen in Fig. 5.10. Since for layered
systems K4q(T) is always negative, favouring thus an in-plane magnetization, except
in the two-monolayer case, the total MA constants are shifted to negative values
over almost the entire temperature range. Since, however, K44(T') is proportional
to M(T)? which goes to zero very rapidly at T, and since as shown above K;(T')
exhibits a maximum, K(7') slightly overshoots to positive values near Tx. This
behavior is most pronounced for n = 2, where K(T') > 0 between 350 K and T¢
(=933 K).
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Figure 5.9: Magnetic anisotropy constant of the Coz/Cu(100) system vs. temper-
ature obtained from a mean-field approach to the Heisenberg model and scaling

the exchange anisotropies, AJpq:xAng”, with AJI{Q” from Table 5.1 and the on-site

anisotropies accordingly (see text), Black squares: z=1, red circles: x=0.5, green
up-triangles: £=0.0, blue down-triangles: x = -0.2.

Theoretically, such a temperature dependence of the MA constant implies a
reorientation transition from an in-plane orientation to an out-of-plane orientation
of the magnetization. However, as can bee seen in Fig. 5.10 the positive values
of K(T) are very small and might be reduced by quite a few circumstances such
as growth conditions, interface mixing, surface relaxations and stresses, or domain
formation, which in turn make it difficult to relate this prediction to experiments.
Indeed, so far such an inverse reorientation has not been found for Co films on

Cu(001).
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Figure 5.10: Calculated total magnetic anisotropy constant, K(T) = Ky(T) +
K44(T), as a function of temperature for Co,,/Cu(100).
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Chapter 6

Magnetic pattern formation in
magnetic monolayers

We have seen in the former chapter that the exchange interaction is not neces-
sarily isotropic, and an anisotropic exchange interaction can lead to an unusual
temperature dependence of the magnetic anisotropy. The exchange matrix can have
not only symmetric but also antisymmetric terms, which gives rise to the so-called
Dzyaloshinskii-Moriya [85][86] interaction. We investigated the effect of this inter-
action on the magnetic ordering of a Mn monolayer on a W surface. It should be
noted that for this structure a spin-spiral ground state was observed experimentally

87] .

6.1 The Dzyaloshinskii-Moriya interaction

In general a second order classical spin Hamiltonian can be written as
1 N
H = Z SiKiij + 5 Z SiJijS;, (61)
i i#j
where K;; stands for the on-site anisotropy matrix, and J; are 3 x 3 exchange

matrices. It is evident, that the exchange matrices can be chosen such that
Ji = Jii (6.2)

where ¢ index refers to the transposed matrix. The exchange matrix can be further
decomposed as

Jij = Syl + I+ 3 (6.3)
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MONOLAYERS
where [ is the unit matrix,
1
Jij = 3 Tr(3Jy) » (6.4)
the symmetric traceless part is defined by
1
= 3 (35 +35) — Al (6.5)
while the antisymmetric part of Jj; , 3{3‘ is
NN S
Jij — 5 (Jij - Jij) . (66)

Since a multiplication with a 3 x 3 antisymmetric matrix can always be written
as a vector cross-product, the second term on the rhs. of Eq.(6.1) can therefore
reformulated as

sidijsj = Jijsisj + sifj;?sj + Djj(si x s;). (6.7)

In here the Dj; are the so called Dzyaloshinskii-Moriya vectors,

xT 1 ~YZ ~Z 1 ~XZ ~ZX z 1 ~X ~yX
D=3 (35 —37), Dj= B (3 -35), Dj= B (35 -3 (6.8)
The last term of the exchange interaction
HDM = ZDU(SZ X Sj), (69)

1
first introduced by Dzyaloshinskii [85], and Moriya [86].

It can be seen from Eq.(6.7) and Eq.(6.1) that the symmetric isotropic part of the
exchange interaction Jj; prefers a parallel orientation of neighboring spins, namely
a ferromagnetic or an antiparallel (antiferromagnetic) alignment depending on the
sign of Jj;, but without preference of any global direction. The 35 is responsible
for the magnetic anisotropy, prefering some crystalline orientation of the magnetic
moments. The Dzyaloshinskii-Moriya (DM) interaction (Eq.6.9) tends to rotate the
spins because this term is minimal for perpendicular spins. The ground state of the
actual system is determined by the competition between all these three terms, which
therefore in many cases can lead to noncollinear spin-structure. The DM interaction
arises from spin-orbit coupling, and varies linear with it [88]. In bulk crystals the
inversion symmetry implies a symmetrical exchange matrix, i.e., in systems with

inversion symmetry there is no DM interaction. In case of thin films or surfaces the
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inversion symmetry no longer is present and therefore might gives rise to large DM
interactions.

The parameters of the Hamiltonian Eq.(6.7) i.e. the on-site anisotropy param-
eters and the elements of the J;; exchange matrices can be obtained from ab initio
KKR calculations, as described in details by Udvardi et. al [42]. This authors used
the torque method[89], i.e., calculated the derivatives of the free-energy with respect
to the rotation of two specific spins. The corresponding derivatives can be calculated
within the KKR theory. From these derivatives the whole exchange matrix J;;, and

the on-site anisotropy parameters can be obtained[42].

6.2 Mn monolayer on W surface

6.2.1 Experimental results

As was already mentioned the DM interaction arises in systems with low symmetry.
A good candidate for such a system is a Mn monolayer on a bcc W (110) surface.
The magnetic ground state of this system was studied experimentally by Bode et.al.
[87], who used spin-polarized scanning tunneling microscopy (SP-STM) to study
the magnetic properties of the surface, which showed a periodic modulation with a
wavelength of 12 nm, i.e., the Mn layer is not in the usual antiferromagnetic (AFM)
state. By varying the orientation of the magnetic moment of the Fe STM-tip, they
could distinguish between the spin density wave state, where all the magnetic mo-
ments are parallel, and just the magnitude of the moments is modulated, and a
so called spin spiral structure, where the direction of the magnetic moments varies
periodically (see Fig (6.1)). The spin spirals that are confined to a plane perpen-
dicular or parallel to the propagation direction are called as helical spirals (h-SS) or

cycloidal spirals (c-SS), respectively.

6.2.2 Multiscale modeling

We investigated the magnetism of a Mn monolayer on W(100) and W(110) surface
theoretically by means of Monte Carlo (MC) simulations. First the parameters

appearing in a model Hamiltonian are determined by first principles calculations.
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Figure 6.1: The view of the spin-structures from Ref.[87]: spin density wave (SDW),
helical spiral (h-SS) and cycloidal spiral (c-SS)

The classical Heisenberg Hamiltonian, Eq.(6.1), now takes the form
H= % > sidisi+ > (Kash + Kysh) | (6.10)
i#j i
where K, and K, are the bi-axial on-site anisotropy constants. Quite clearly, for
a bee(001) surface K, = K,. In the case of a bee(110) surface the  and y in-
plane directions correspond to the (110) and the (001) crystal axes and, in general,
K, # K,.

We calculated the parameters entering the Hamiltonian (6.10) in terms of the
relativistic spin-polarized Screened Korringa-Kohn-Rostoker (SKKR) method (see
Appendix A). In particular, the J;; have been obtained by using the torque method
as described above. From a decomposition of the tensorial exchange it turned out

that the most relevant parts are the isotropic exchange interactions, J;;, and the
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DM interactions.

Using the Hamiltonian (6.10) we performed MC simulations on a 32x32 two-
dimensional lattice with periodic boundary conditions. The low-temperature spin-
state of the system has been searched in terms of simulated annealing starting from

the completely disordered state at high temperatures.

Results Subsequent to a self-consistent determination of the effective potentials
and exchange fields we calculated the exchange interactions for a large number of
atomic pairs of the Mn monolayer. The experimental lattice constant of bcc W
was used, i.e., no attempts were made to account for lattice relaxations. Note
that the first nearest neighbor (INN) distance of the Mn atoms is 0.32 nm. The
isotropic exchange interactions and the lengths of DM vectors for the first few NN’s
are listed in Table 6.1. Excluding the effect of the DM interactions, due to the
dominating negative INN exchange interactions the ground-state of Mn/W(001) is
ferromagnetic, see also Eq. (6.10). Because of the positive on-site anisotropy con-
stant, K, = K,=0.047 mRyd, we obtained the magnetic moments in this state to
be aligned normal-to-plane for Mn/W(001). In the case of Mn/W(110), the strong
antiferromagnetic 1NN interactions give rise to a chequerboard c(2x2) antiferro-
magnetic structure and the calculated anisotropy constants, K,=-0.047 mRyd and

K,=-0.037 mRyd, imply that the magnetic moments are parallel to the (110) axis.

Table 6.1: Calculated isotropic exchange interactions, J;;, and magnitudes of the
DM vectors, D;; (all in mRyd), for the first few nearest neighbors (NN) of a Mn
monolayer on W(001) and on W(110) .

| System || Mn/W(001) | Mn/W(110) |
LN [t 23 [t ]2 3 [4]5 |
Jij -3.91 | 1.10 | 0.12 || 7.30 | -3.84 | -0.85 | 2.17 | -1.38

D;; 0.57 1 0.04 1 0.24 || 0.09 | 0.22 | 0.03 | 0.23 | 0.20

Inspecting Table (6.1) it is obvious that some of the DM vectors are almost by
an order of magnitude larger than the corresponding anisotropy energies and only
by an order of magnitude smaller than the largest isotropic exchange interactions.

This is, however, not surprising since in terms of perturbation theory the DM inter-
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actions and the uniaxial anisotropy appear in first and second order of the spin-orbit
coupling strength, respectively.

Because of the twofold rotational symmetry around the z axis that applies for all
the pair of sites for both the square and primitive rectangular 2-dimensional lattices
the z component of the DM vectors disappears. The DM vectors, all being parallel
to the plane, are depicted in Fig. (6.2). As is obvious, in the case of Mn/W(001)
the DM vectors referring to atomic pairs along a given direction (+z or +y) are
parallel to each other, thus their effect to misalign the spins is enhanced. On the
contrary, due to the reduced symmetry the DM vectors exhibit a higher complexity
for Mn/W(110) as their spatial distribution shows an apparent asymmetry.

By using the above parameters, including also the antisymmetric DM interac-
tions in Hamiltonian (6.10), we performed MC simulations for both systems. The
magnetic patterns we obtained for a sufficiently low temperature, kg7 = 0.02|J]
(J = >_;Jij), are shown in Fig. 6.3. In the case of Mn/W(001) we find that the
ferromagnetic order is nearly maintained along the (110) direction, whereas a spin-
spiral propagating along the (110) direction evolves with a wavelength of about 2.2
nm. The formation of this spin-spiral is the consequence of the large and competing
DM vectors between NN’s along the x and y axes.

In the case of Mn/W(110), the large asymmetry of the DM interactions seen in
Fig. 6.2 gives rise to a cycloidal spin-spiral along the (110) direction that modulates
the underlying antiferromagnetic arrangement. The estimated wavelength of this
spin-spiral is about 7.2 nm. Although one half of this wavelength should be compared
with the periodicity of about 6 nm seen recently for the same monolayer system in
SP-STM images [87], the agreement between our simulations and the experiment
is quite satisfactory. In addition, a different theoretical approach used in Ref. [87]

predicted a wavelength of 8 nm for this spin-spiral rather close to our value.

6.2.3 Analytical calculation

Using the parameters of table 6.1 we can try to write up a model classical spin
Hamiltonian of the magnetic layer, using only interactions between first and sec-
ond nearest neighbour sites, neglecting the interactions between sites far from each
other. Determining the minimum point of this Hamiltonian we get the wave length

of the ground state spin spiral. For simplicity we deal just with the MnW(100)
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Mn/W(001)
® ® @ 0 ®

L o o ® o
Mn/W(110)
s
® o , 0

Figure 6.2: Sketch of the Dzaloshinskii-Moriya vectors (green arrows) correspond-
ing to a central atom (labelled by 0) and its nearest neighbors. Selected nearest
neighbors are labelled by the same numbers as in Table 6.1.

system. As can be seen from table (6.1), the leading order exchange interaction are
between site-pairs (0-1) and (0-2) where the indexing is according to Fig.(6.2), and
the largest DM interaction acts between (0-1) and (0-3) therefore the Hamiltonian

can be approximated as
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where R is the two dimensional square lattice vector

—

R = (ngya,nya,0) Ny, Ny € Z, (6.12)

with lattice parameter a, and §R is the spin vector on site R. According to the ab
initio results of the KKR calculations, the largest DM vectors, which are taken into

account (see Fig.(6.2))

D(aOO) = (07 Dla O)7 [j(fa,0,0) = (07 _D17 0)7 (613)

5(0,0,,0) = (_D17070>7 5(0,70,,0) = (D17070>7
5(2a,0,0) = (07 D27 0)7 D)(an,O,O) = (07 _D27 0)7
5(0,2@,0) = (=D,0,0), 5(0,—2a,0) = (D,0,0),
where Dy = 0.57 mRyd, Dy = 0.24 mRyd. The on site anisotropy K = —0.047
mRyd, and the exchange parameters J; = 3.91 mRyd , J, = —1.1 mRyd.
It is easy to see that in the ferromagnetic state, when all Sg | 2 the energy per

unit cell is

Ey =K —2(J; + Js). (6.14)

helical spin-spiral state The helical spin-spiral state can be described by the

wave vector
(T: (Q$>Qy>0)a (615>

and the spin moments perpendicular to it, namely

T qy

Snx,ny = m Sin(anma + Qynya)7 (616)
Sy = —qimz sin(gznga + gynya), (6.17)

62



CHAPTER 6. MAGNETIC PATTERN FORMATION IN MAGNETIC
MONOLAYERS

St = c08(qynya + qynya). (6.18)

N,y

With these forms the terms appearing in Eq.6.11 can be get by lengthy, but

straightforward calculations

ZK (53 =K Z cos?(qunza + gyn,a), (6.19)
R Nz ,Ny
Z J1SrSw = 2J; Z {cos(gza) + cos(gya)}, (6.20)
‘R*R/|=a N,y
Z JySrSr = 2J5 Z cos(ga) cos(gya), (6.21)
IR—R/|=v2a N,y
Dy 50 x Sp = (g, sin(g0) — g sin(gya)  (6.22)
i i3Sk X Sp = —=——=(qy sin(qza) — ¢, sin(gya .
R = V@ +a
> Dz pSex S 2D, (g, sin(2¢,a) in(2g,a)) (6.23)
i @SR X Sp = —=—=(qysin(2¢;a) — ¢, sin(2gya :
IR—R/|=2a V& T4y
therefore the energy per site in the helical spin-spiral state is in case q < oo :
K
E = 5 Ji[cos(gza) + cos(gya)] — Jo cos(gza) cos(gya)—
D1 . . D2 . .
————(q, sin(qza) — g sin(q,a)) — ————=(q, sin(2q,a) — g, sin(2q,a)), (6.24
\/m(qy (¢0) — gz sin(qya)) q%Jqu(qy (2¢20) —ga sin(2gya)), (6.24)

where we used that for infinite number of sites

1

K
NK Z cos?(¢unpa + gynya) = 2

N, Ny

Using a mathematical program like MATLAB we can investigate the the minimum
point of Eq.(6.24) in the space of (g, q,). We found that the energy minimum is
in (¢s,q,) = (0,0) i.e. the ferromagnetic state has lower energy than the helical

spin-spiral structure.

Cycloidal spin spiral The spin vector of the cycloidal spin spiral state is given
by

—

B
V@Gt

and similar calculations as above show that the energy per unit cell can be written

—

Snamy, = sin(gznga + gynya) + €, cos(gnLa + qynya), (6.25)

as
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K
E = = = Ji[cos(g,a) + cos(gya)] — J cos(gza) cos(g,a)—

D1 . . D2 . .
—ﬁ(qx sin(g.a) +qy sin(gya)) — m(qx sin(2¢,a)+q, sin(2qya)), (6.26)
T Yy z Yy

with numerical calculations can be showed that the above expression has mini-
mum at

(¢, @) = é(0.18,0.18) (6.27)

from which the wave length of the spin-spiral is

A= QTW = 24.7a. (6.28)

|
This result seemingly doesn’t agree perfectly with the results of the MC simulations
(see upper part of Fig(6.3)), which gives a helical-like spin spiral ground state with
a wavelength of about 11a, however the propagation direction (110) is in agreement
with the former results. This disagreement probably the effect of the neglected
terms in the model Hamiltonian Eq.(6.11). This problem is a subject of further

investigations.
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Figure 6.3: Schematic view of the low-temperature spin structures of Mn/W(001)
and Mn/W(110) as obtained from the MC simulations. Blue, green and red arrows
denote spins pointing downwards, in-plane and upwards, respectively



Chapter 7

Transport results

7.1 Motivation

Spintronics is a new field of electronics, which is not based on the conduction of
electrons or holes as in semiconductor devices, but relies on the magnetization de-
pendence of transport properties in magnetic nanostructures, controlled by magnetic
field. One of the first and main important topic of spintronics is the giant magne-
toresistance (GMR), discovered independently in 1988 in the laboratory of Albert
Fert [3] and Peter Griinberg [2]. GMR devices are constructed from multilayers of
magnetic and nonmagnetic metals. The GMR is in nutshell the dependence of the
resistivity on the parallel or antiparallel alignment of the neighboring magnetic lay-
ers. In case of parallel alignment, the scattering in one of the spin channel (let’s say
spin up) the magnetic scattering is low. In the antiparallel aligning the scattering
(and therefore the resistivity) is large for both spin channels. The GMR ratio is
defined by [90]

i P -
where RAP(P) is the resistivity of the anti-parallel (parallel) state. The fact that the
IBM started the mass production of GMR based disk drives in 1997 clearly show
the fast application of the 10 years earlier discovered phenomena. Today nearly all
all disk drives in the industry incorporate the GMR, read-head design [8]. In 2007
Fert and Griinberg won the Nobel Prize for their discovery.

The GMR was investigated theoretically by Peter Weinberger and Laszlé Szun-
yogh using the Kubo-Greenwood formalism with the KKR method [29]. They cal-

culated the GMR in

66



CHAPTER 7. TRANSPORT RESULTS

underlayer[55A] NiFe[10A] CoFe[10A] Cu[yA] CoFe[10A] Ru[10A] multilayers on zero
temperature.

On larger temperatures the GMR ratio decrease considerably [91]. Assuming
that the phonon-electron interaction (R, —.), impurity scattering (R;) and magnetic
(Ry) part additively contributes to the total resistivity the resistivity on a finite

temperature

RPAPI(TY = REAPN(TY + R, + Ry _o(T), (7.2)

where the impurity and phonon scattering contribution independent of the parallel

or antiparallel alignment. Therefore the temperature dependent GMR

RYF(T) — RE(T)
CMR(T) = or o TR T Ry (T (7:3)

depends only through the denominator on the temperature dependent phonon-
electron coupling contribution. The aim of the current project was to develop a
theoretical and computational tool to calculate the magnetic part of the tempera-
ture dependent conductivity of ferromagnetic metals, which can be a promising tool

to calculate the temperature dependent GMR(T') for realistic magnetic multilayers.

7.2 Computational details

We calculated the magnetic part of the conductivity from the formula Eq.(4.23) using
Eq.(4.43). For the K integration in Eq.(4.43) we used a quadrature with 1600 point
in the two-dimensional Brillouin zone, which gave converged results. In practice the
G(ep £i0,ep £i6) in Eq.(4.23) are calculated for some finite imaginary part ¢ for
an intermediate region consists of n atomic layers. The effect of considering a finite

number of atomic layers is a (%)—like decay [28] in the calculated resistivity

! ) R 0un(0) + M (7.4)

o0 = ®) n
pu Tt

Therefore plotting ng,,(n,d) versus n the slope of the curve for large n gives o,,,,(9)
which is equal with the n — oo bulk resistivity value. It turned out, that ng,,(n, d)
is already linear in n for n > 50 layers, so we determined g, (d) from the slope of
the fitted linear curve in the n > 50 regime. For the § dependence of the resistivity

we also found linear dependence, such as described in the literature [92][30] i.e. this
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can be obtained from a linear extrapolation

Oup = (lsii% 0 (6). (7.5)

For this extrapolation we used the p,,(d) values at § =1 and 2 mRyd. The mag-
netisation direction was chosen to be perpendicular to the layers ( 2 direction). An
anisotropy 0., # 0Ozs = 0yy arise from the relativistic treatment, and from the nu-
merical error. This anisotropy turned out to be very small (smaller than 1 uQcm)
for the whole temperature region. So from now on when we neglect the index p,

and we confine ourselves to the p.. component of the resistivity.

7.3 Results for Fe and Co

First we calculated the temperature dependent Weiss fields, which are needed for
the finite temperature thermal averaging in Eq.(4.43). With the experimental lattice
parameter (5.4 a.u.) with the DLM we got too large Curie-temperature (T¢) for
pure bee Fe (1670 K), which is 60% larger than the experimental T (1040 K). This
error is most probably the shortcoming of the mean-field approximation. Using
smaller lattice parameter, the Ty is decreasing monotonously and the experimental
Tc is obtained at 5.07 a.u.. In Fig. (7.1) we plotted the calculated T for Fe versus
the lattice parameter used in the calculations. We have to mention that the lattice
parameter at the Curie temperature is even larger than at zero temperature because
of the heat extension. (According to Ref [93](Chapter 1.1.2.2) it is 5.55 a.u.) LDA
gives a smaller lattice parameter than the experiments (5.3 a.u. [94]). Using this
lattice parameter and a nonrelativistic DLM Gyorfly et.al. [20] found 1250 K Curie
temperature for Fe from the divergence of paramagnetic spin-susceptibility.

We chose Co as the second test system for our electric transport calculations. Co
has a phase transition by about 600-800 K from hcp to fcc structure. We neglected
the difference in the resistivity of the two lattice structure, and calculated for every
temperature only with the fcc geometry. At zero temperature the experimental and
theoretical LDA lattice parameters differ less than 1%, and give 6.69 a.u. (3.53 A)
[94] . However the lattice parameter at T, is larger: 6.84 a.u.[93] . The DLM consid-
erably underestimate the Curie temperature of bee Co, even with the experimental

lattice parameter at T, (6.84 a.u.) we get only 950 K for 7T.. The experimental T,
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Figure 7.1: Calculated Curie temperature for Fe with different lattice parameters.
The experimental zero temperature lattice parameter is 5.4 a.u., the experimental
Curie temperature is 1040K.

is 1380 K, which we can reproduce in terms of the DLM using a lattice constant of
7.04 a.u..

With a fixed geometry we calculated selfconsistent potentials for the param-
agnetic DLM state. With these potentials we calculated the Weiss fields as de-
scribed in Chapter (2) for specific temperature points. With these Weiss fields we
calculated the temperature dependent electrical conductivity, Eq.(4.23). However,
for small temperatures the ferromagnetic potential (what we get solving the KKR
equations selfconsistently without DLM) describes the electronic structure better.
It turned out, that the difference between the ferromagnetic and paramagnetic po-
tential doesn’t influence the conductivity results considerably. In Fig.7.3 the results
for pure Fe are plotted. In there we show the results with the experimental lattice
parameter corresponding to an overestimated Curie temperature, and those for the
reduced lattice parameter, recovering the experimental Curie temperature. For com-
parison we also show the experimental total resistivity values taken from Ref. [93].
One can approximate the magnetic part for the resistivity similarly to Ref. [95],
assuming that well above the Curie temperature only phonon-electron interactions
contribute to the resistivity. By using the Bloch-Griineisen form, we can fit the
parameters in Eq.(4.1) to the linear part of the experimental Fe resistivity above T.

Subtracting this Bloch-Griineisen term from the total resistivity we get a guess for
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Figure 7.2: DLM results for the Curie temperature of fcc Co with different lat-
tice parameters. The experimental Curie temperature is 1380K, where the lattice
parameter is 6.84 a.u.[93].

the magnetic resistivity, also displayed in Fig.(7.3) . We have to stress, that this ap-
proximation, however, used by Weiss and Marotta[95] for several magnetic metals,
is still not well justified, since using this procedure magnon-phonon interactions are
neglected [32]. In fact, the magnetic disorder scattering contribution to the total
resistivity is not measurable.

It can be seen in Fig.(7.3) that the DLM gives the right order of magnitude of
the magnetic resistivity, however, systematically overestimates that. The deviation
between the calculated resistivities with the two different lattice parameters is less
than 40% for room temperature, and for temperatures far below the Curie tem-
perature. The DLM result for the experimental lattice parameter fits well to the
experimental total resistivity for temperatures below about 700 K, but we have to
stress, that the total resistivity is larger than the pure magnetic contribution. We
have to mention, that the DLM gives constant magnetic resistivity in the param-
agnetic phase since the probability density function is constant (i.e., temperature
independent) there.

We also investigated bulk Co. As we mentioned before, for computational reasons
we just calculated the fcc structure. We plotted the results in fig 7.5. It can be seen,
that the DLM results with different lattice parameters are within 30% difference

below 700 K. The common feature of the calculated curves are the bending up
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Figure 7.3: Fe resistivity. Black circle: experimental total resistivity from ref [93].
Blue up-triangle: the magnetic part of the resistivity with detaching the phonon-
electron contribution assuming Bloch-Griineisen form. Red down triangle: Our
results with the experimental 5.4 a.u. lattice parameter. Green squares: the same
with 5.07 a.u. lattice parameter.

right below the Curie temperature. This can be the consequence of the mean field
approach that neglects the magnetic short range order above (and right below) the
Curie temperature. However the magnetic disorder resistivity still has temperature
dependence in the paramagnetic phase following from the smooth vanishing of the
short range order [96]. We can see that the computed resistivity curves are above the
experimental total resistivity with about 50-100% below 700 K, but we have to stress
that the experimental curve shows the total resistivity. Here the above mentioned
method to subtract the phonon-electron contribution by fitting the Bloch-Griineisen
formula doesn’t work well, because after the subtraction we would get negative value
for the magnetic resistivity under 600K as we show in Fig7.4 what is senseless in

our opinion.
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Figure 7.4: Experimental resistivity of Co (red straight curve) ref [93]. The fitted
Bloch-Griineisen (BG) function (black dotted). The difference of the experimental
curve and the BG curve (blue dashed), which is the approximation of the magnetic
part of the resistivity is negative under 500 K.

However, Weiss and Marotta[95] used this method to get the high temperature
(saturated) magnetic resistivity of Co and gained a value of 50 pf2cm. The main
deficiency of this procedure is probably the consequence of the difference in the
phonon-electron contribution in the hcp and fce phase. From the paramagnetic
phase resistivity slope only conclusions for the phonon-electron contribution of the
fcc phase can be gained. On the other hand the temperature range between the
Curie temperature and the melting point can be too small to saturate the magnetic
resistivity, making it difficult to detach the linear phonon-electron contribution.
From this reason in Fig (7.5) we just show the experimental total resistivity.

Although our DLM approach overestimates the magnetic part of the resistivity,
we have to stress that this is the first parameter-free ab-initio result in the literature.
It’s failure emerges from the inaccurate determination of the Curie temperature and
probably also the inaccurate description of the spin-spin correlation in the mean-field
approximation. We have to mention that in case of chemically disordered systems, a
more accurate description can be given by taking into account the vertex corrections
[67]. Tulip et.al. [97] recently used the nonlocal CPA [98] approximation in the

Kubo formalism to investigate the effect of the short range order in the resistivity of
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Figure 7.5: Magnetic resistivity of Co. DLM calculations with fcc lattice parameter
6.82 a.u. (red down triangle), 6.9 a.u. (green diamond) 7.04 a.u. (blue upper
triangle). Experimental[93] result is is plotted by straight black.

disordered bulk alloys. They chose Cu.Zn;_. alloy as a test system. In Fig.(2.) of
their paper [97] it can be seen, that taking into account the vertex corrections the
resistivity is reduced by about a factor of two. The resistivity is further reduced by
taking into account the short range order by using the nonlocal CPA method instead
of the single-site CPA. Based on the analogy between the “chemical”’-CPA and the
“spin-disorder”-CPA we expect that the correct calculation of vertex corrections,
and a correct description of the short range order in the ferromagnet would reduce

our result for the temperature dependent resistivity.
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Conclusion

In this thesis for the first time ever, attempts were made to describe at an ab
initio level the temperature dependence of the magnetic anisotropy energy and to
extend the formulation to the electrical transport properties. The relativistic ver-
sion of the disordered local moment scheme were implemented within the screened
KKR formalism, which allowed to calculate the temperature dependent magnetic
anisotropy of layered structures, and thin films. We tested the developed theory
on CoCu(100) structures, and found, that the results can be interpreted with an
anisotropic Heisenberg model. We stressed the importance of the anisotropic part
of the exchange correlation matrix, which can lead to the unusual temperature de-
pendence of the magnetic anisotropy. In thin films the symmetry allows not only
anisotropic symmetric, but antisymmetric part of the Heisenberg exchange matrix,
which is responsible for the Dzyaloshinskii-Moriya (DM) interaction. To study this
interaction we investigated the Mn monolayer on W surface. We got in agreement
with the experiments, that the DM interaction leads to a spin spiral magnetic ground
state. We further implemented the DLM scheme in the Kubo-Greenwood equation
to calculate the temperature dependence of the magnetic part of the electrical re-
sistivity. My work is the first ab initio approximation for the description of the
temperature dependent spin-disorder scattering. To our knowledge no other such
attempts have been presented in the literature, although both aspects, magnetic
anisotropies and related transport properties are a matter of particular importance
in any technological use of "spintronics” and in view of magnetic recording media.

The proposed theoretical methods are easily extendable to alloyed systems, which

are commonly used in technical applications. The present applications therefore also
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can be viewed as illustrations for the theoretical means applied.
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Appendix A

The Density Functional Theory
(DFT)

A.1 Hohenberg-Kohn Theorems

The Hamilton operator of an IV electron system in the Born-Oppenheimer approx-

imation is given by
~ A A h? 9 1
H:T+U+W:——ZVZ-+Zu(ri)+52w(ri—rj), (A1)

where 7' is the kinetic energy operator, U is an external potential containing the
electrostatic interaction between the electrons and the nuclei, and W is the electron-
electron interaction:
1
w(r; —r;) = — (A.2)
R e 1
The N electron wave functions W = W(ry,ry,...,ry) have to be antisymmetric

because of the Pauli exclusion principle . The electron density is then given by
n(r) = /d3r2d3r3 APy |U(r, Ty, LTy (A.3)

The Hamiltonian itself is determined by the external potential, Eq.(A.1), H =
Hlu(r)]. The ground state energy of the system can be obtained from the variational
principle,

Eo[u(r)] = min <xp ‘[:I[u(r)]

qf> . (A.4)

Since the energy functional on the right hand side has a lower bound at the ground
state wave function ¥y |

~

Eolu(r)]| Wo) = H[u(r)][Wo) . (A.5)
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The Hohenberg-Kohn theorem [99] states the connection between the external po-
tential and the ground state electron density: instead of searching for the whole
ground state wave function, the calculation of the expectation value of physical
variables only needs the determination of the electron density.

The first Hohenberg-Kohn theorem says that the external potential is a unique
function of the ground state density. Two potentials, u;(r)and us(r) are regarded
to be different, if ui(r) — us(r)# const. This theorem states that for two different
potentials the ground state electron density is also different, or in other words, for
a given electron density n(r) there is only one u(r) potential for which n(r) is the
ground state electron density. This can be proven by reductio ad absurdum. Thus
n(r) determines the number of particles N and u(r). The ground state energy now

can be expressed as
Eoln] = Tln] + Uln] + Win] = / Ern(ryu(r) + Fulnl, (A.6)

where the Hohenberg-Kohn functional is the functional Legendre transformation of
the ground state energy, and equals T'[n] + W|n/, i.e., equals the kinetic energy plus
the electron-electron interaction.

The second Hohenberg-Kohn theorem provides the energy variational principle,
and states that the exact ground state density no(r) minimizes the energy functional
Ey[n|, such that for any given n, Eg[ng] < Ey[n).

Strictly speaking this theorem stands only for so called v-representable densities
(i.e., for a density, for which there exist a potential, for which in turn this density
is the correct ground state density). But modifying the definition of the energy

functional according to the constrained-search idea of Levy and Lieb [100] as
E[n] = Ming._.., <\1/|I§r|\11> ,

(i.e., search in the space of the antisymmetric wave functions, yielding the density n),
the restriction of v-representable densities can be abandoned, and the Hohenberg-
Kohn theorems stands for any N-representable densities.

However, these theorems still don’t give explicit forms for the Fyk[n] functional.
This was solved by Kohn and Sham [101], who compared the interacting system to

a non-interacting reference system, with the same electron density. They assumed,
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that for the interacting electron system there exists a non-interacting one with an
effective one-particle potential corresponding to the same electron density.
Since for the non-interacting electron gas the wave function can be written as a

Slater determinant

\I/S(I'l,rg,...,I'N) = \/%det[qbl(rk)],
the electron density is therefore given by
N
n® =" ¢ (r)gilr) (A7)
i=1
and the kinetic energy by
R
1° = “om Z <¢¢(T)‘V2|¢i(7’)> : (A.8)
i=1

The trick of Kohn and Sham was to decompose the energy functional of the

interacting electron system into
Eo[n] = Tln] + Uln] + Win] = T°[n] + Uln] + En[n] + Ex[n],  (A9)
where the Hartree energy is given by
1 n(r)n(r’)
E == 3 Syl L 2 Al
n] 2/dr/dr|r_r/|, (A.10)

and the remaining terms are collected in the so-called exchange-correlation energy:
Eyc[n] = Tn| — T°[n] + W[n] — Eg[n]. (A.11)

Using the second Hohenberg-Kohn theorem, which says that the ground state den-
sity ng minimizes the energy functional, and assuming the form in Eq.(A.7) for an
orthonormal basis one gets

0(Eo[n] — ei([ ¢;(r)di(r) — 1))
09;

By expressing the derivatives in Eq.(A.9) by means of the equality,

=0.

<<5 _ddon b
S¢r  ondgr  on

(bi)a

78



APPENDIX A. THE DENSITY FUNCTIONAL THEORY (DFT)

we get the Kohn-Sham equation:

(— %V2 + u(r) +up(r) + uxc(r)) G (1) = 500, (), (A.12)

where the Hartree potential is given by

ug(r) = /d3r’ n(r)

v — |

and the exchange correlation potential by

5Exc [TL]

e (A.13)

Uxe(T) =

Since the exact form of this functional derivative is not known, further approxima-

tions are needed such as the so-called Local Density Approximation (LDA),

Eyln] = /dgrz—:xc(n(r))n(r), (A.14)

in which e,.[n] is the exchange correlation energy density of a homogeneous electron

gas of density n. The exchange-correlation potential is then given by

B deye(n(r))
Uxe(T) = Exc(n(r)) + T(r)n(r)

In the spinpolarized calculations we used the local spin density approximation
(LSDA), where the spin up and spin down electrons have different density (n4(r)
and n,(r) respectively), and for the exchange-correlation potential ex.(n4(r), n (r))
as parametrized by Perdew and Zunger [102], based on the results of Monte Carlo
simulations of Ceperley and Alder for the correlation energy of a homogenous elec-

tron gas [103].

A.1.1 Relativistic DFT

To include in particular spin-orbit effects a relativistic generalization of the DFT is
needed. In the presence of a magnetic field (corresponding to a vector potential A)

the Dirac Hamiltonian is given by

A h A A R
H =ca (;V - eA(r)) + Bmc* +V (r) = —ic&hV + fmc® —ce 37,4, (A.15)

A 0 g; A [2 0 C_AA (s 5
ai_(ai O )’ /8_( 0 —[2)’ 71_ﬁa2(2_1’273)7 74_/87
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are the Dirac matrices, and

(01 e (U5 (1 0)

are the well known Pauli matrices. In Eq.(A.15) A, = (A, A, A3, V) is the four
component vector potential. In case of N electrons the Hamiltonian is of the follow-
ing form:

H:T+Wee+‘/:3xta

where the kinetic term is defined by

T— / G ()(ca - p + Bme) (r)dr,
with
p="v

]

being the momentum operator, the electron-electron interaction by

W= / e / s e W)emp )

v — |

and the interaction of electrons with the external electromagnetic potential by
Vit = —e/JM(r)AM(r)dr. (A.17)

Here J, = \Iﬂr@%\p is the relativistic four current.

In the relativistic density functional theory the four current takes up the role of
the electron density. The Hohenberg-Kohn theorem can be proved similarly as in
the nonrelativistic case: The ground state energy is a unique functional of the four
component current. Expanding Eq.(A.17) in terms of the Gordon decomposition

([104], [105]) (using ¢+ = ¢ 3 notation):

3= 5 {0 ()Pulr) — DU (R)0(x) — 2eAT (R)(r) + Y x & (o (r)},

which can be written in the form J =V x (L + 2S). Neglecting L (i.e. the first 3

terms on rhs in the above equation), we get for the energy functional

B 1)) = U]+ WL+ [ (e)V(s) = i) Bw))dr,

with the magnetisation density
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Assuming a non-interacting Kohn-Sham reference system, similarly to the non-

relativistic case, the Dirac Kohn-Sham equation can be derived:
(ci - P+ Bmc? +veg(r) — m(r)Beg(r))y; = e (A.18)

with
n(r') 0B [n(r), m(r)]

ver(r) = V(r) + /d3r/|r - + 5n(r) :
Bt (r) = Bext(r) + Bexe (),
_ 0B.[n(r), m(x)]
om(r) ’

Bexc (I')

e

n(r) = S5 0 On),  mr) = 25 g (0) o).

~ 2m ¢

This equation has to be solved self-consistently for the electron and magnetisation
density. As a first attempt to treat the exchange-correlation functional, the Local-
Spin Density approximation (LSDA) was developed in order to approximate the
exchange field By (r) by MacDonald et. al. [106].
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KKR Scattering theory

A.1 The formal theory

The key quantity in the scattering theory is the Green’s function, which is formally

defined as the representation of the resolvent operator
G(z)=(z— H)™!, (A1)

where H is the Hamilton operator of the system, z € €\o(H) and o(H) is the
spectrum of H. In the spectral representation the Green’s function reads as

G@nﬂ:Zﬂ%¥%ﬂ. (A.2)

n

It is also useful to define the side limits

G*(e) = G(e¥) = lim G(e +1i0). (A.3)

6—+0

If the system Hamiltonian is split into a reference (unperturbed) Hamiltonian plus

a perturbation potential:
H=H,+V, (A.4)

then the resolvent can be expressed in terms of the unperturbed resolvent Go(z) =
(z — Hy) ! as
G(2) = Go(2)(I 4+ VG (2)). (A.5)

This equation is called the Dyson equation. Introducing the so-called transition

operators (T-operators)

A ~

T(2) =V +VG(2)V, (A.6)
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the Dyson equation reads

G(2) = Go(2) + Go(2)T(2)Go(2). (A.7)
Thus knowing a representation of the free electron Green’s function, the determina-
tion of the T-operator is practically equivalent with the determination of the Green’s
function. From the Green’s function an expectation value of a physical quantity de-
fined by a Hermitian one-particle operator A over the energy range (€ 4, £g) is defined

by the contour integral [12]:
1 A A
A = — L Tm / s Tr(AG(2)),
™ m

where ™~ means the integration over a semi circle contour in the upper complex
semi-plane with the lower and upper limits € 4 and e 5, respectively, e.g. the electron
density is given by
e ~
o(r) = —— Im/ dz Tr(G(z,r,r)). (A.8)
m m
In terms of the side limits of the resolvent operator (A.3) the density of states DOS

can be expressed as
= 3" T {6(e — £0)ln) (]} = :F% Tr(ImG* (c)). (A.9)

Using the resolvent with the T-operator from this equation the Lloyd’s formula for

the integrated DOS can be derived [12]:

N(e) = /6 de'n(e) = Ny(e) + % Im Tr(In T(¢)). (A.10)

—00

A.2 Multiple scattering (KKR)

In the simple version of the Korringa-Kohn-Rostoker theory an ensemble of N atom
is modeled by a set of individual scattering potentials. In this model the spherically

symmetric potentials are centered at the lattice positions R;(i =1,...,N) .

N
=> Vi) (ri=r-Ry)

1=

—

{VZ ;) if || < S;

0 otherwise

(A.11)
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In case of the so called muffin-tin approach the atomic spheres (with radius S;) do
not overlap. In the atomic sphere approximation (ASA) the radius is equal with
the Wigner Seitz radius. In case of zero effective field the Dirac equation Eq.(A.18)

can be written as

iy ) = A =W, (aa2)
c&r(a@ + % - %ﬁK) (V(r) —mc?) 1,

where 6, = 16 and we introduced the operator K = 6L + hl,, which commutes

with the Hamilton operator just as well as the square and z component of the total

angular momentum operator J% and J,. The common basis functions Xrpu(T) are

called the spin spherical harmonics.
T Xy = B350+ Dlxw) 5 =1£1/2,

Jz|Xfw> = h:u|Xfw> p==7.-J

) B (1 ifj=1-1/2
K| Xep) = —hE|Xnp) “—{_1_1 ifj=101+1/2"

The spin spherical harmonics can be expressed with the complex spherical harmonics

Y}"*(#), and bispinor basis functions as

IXkp) = Z C(l,k,1/2|p—s,8)Y°() Dy, (A.13)

s==+1/2

where C(l, k,1/2|u — s, s) are the Clebsch-Gordan coefficients [12]. The relativistic

free Green’s function can then be written as [12]

W 4 mc?

Gr N o—
) = —ip

S (s (e Diale. ¥ 0= Higle, ) (e, ) O ~1),
Q

(A.14)
where the relativistic quantum number Q = (k,u) and Q = (—k,p), and the

solutions of the free particle Dirac equation,

Si(5 ) Xwu(x)
f/@u = (A15)

pSepe, p(R)y L (r)
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with S, = l=1-S, and f; = j;,ny, h; being spherical Bessel, Neumann, and

Hankel functions respectively, while

IH\

Fen(et) = [ )X (0) e i )X () ] (A.16)

A general solution of Eq. (A.12) is of the form,
Role,r) =Y { 99ra(r)xe(r) } . (A.17)
’ 7 L ifao(r)xe(r)
Inside the muffin-tin sphere the functions g(r) and f(r) are determined numerically
by solving Eq. (A.12). Outside the muffin-tin sphere, where the potential is zero, the

solutions can be expressed using the matrix elements of the single-site T operator,

tQQ’ as

Rg(e,r) = jole,r) —ip Y _ h' (e, 1)tqqy (e). (A.18)
Q

By using the condition that the solution of Eq.(A.17) and Eq.(A.18) smoothly join
at the muffin-tin sphere S, we can get the single-site ¢ matrix, tqq (¢) [107].
For more scattering centers, the potential is the sum of the individual site po-

tentials, Eq.(A.11), and the transition operator Eq.(A.6) is given by

ZV+ZVGO Wi+ ViGo(e)ViGol(e) Vi + .. (A.19)

2,] 1,5,k

which can be expressed with the single-site ¢ operators as

:Z@<g)+za(5)éo(5)£j<g)+ D i(e)Go(e)ti(e)Go(e)tr(e)+. ... (A.20)

i#j i#],j#k

Introducing the so-called scattering path operator (SPO), 7;(¢), as
Fi(e) = ti(e)dy + Z Tii(e (A.21)
the transition operator and the resolvent can be expressed as
M(e) = #(e), (A.22)
i,J

and

G(e) = Go(e) + Gole) > #i(e)Gole). (A.23)
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Expressing these quantities in the basis of Bessel functions, Eq.(A.15), centered at

the lattice positions, Eq (A.21) can be written in a supermatrix formalism as

(e) = (Z(E) - go(@)l : (A.24)

where double underline means matrices with site and angular momentum indices,

te) ={t'(e)dy}, z(e) ={z'()}, G,(e) = {Gi(e)} (A.25)
and single underlined quantities are matrices with momentum indices (Q,Q’). The
matrix related to the Green’s function is then given by

G(e) = G (&)L~ te)G, (o))" (A.26)

—0

Eqgs.(A.24) and (A.26) are the fundamental equations of the Multiple Scattering
Theory. The geometrical property of the system is contained in the so called bare
structure constant G (), and the (chemical) properties of the individual scatterers

are comprised in ¢(¢). The Green’s function, Eq.(A.31), can then be written as [108]

G(e,ri + Ry, + Ry) = Z[Zé(s, ri)TgQ,(e)Zé/(s, r’) -
Q,Q’
—65(O(r; — rg)Jé(&t, rl-)Zé/ (e, 7))t +O(r) — rl-)Zé(g, r;)Jé, (e,t)D)],  (A.27)

where the regular and irregular scattering solutions are defined out of the muffin-tin

sphere as
Zh(e,ri) = Y (1) qepdey (€, 13) — iphs (e, 13), (A.28)
o
and
Jo(e, 1) = jole,ry) (A.29)
respectively.

A.3 Screened KKR

The difficulty in the KKR theory is the long range character of the structure con-
stants G 0 (€). To overcome this computational difficulty Szunyogh et.al. introduced

[11] the so-called Screened KKR method for layered systems. In this method first

the structure constant of a reference system with a repulsive potential is calculated.
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This reference system has a constant potential within the muffin-tin spheres by
about 1-2 Ry above the valence band, which gives rise to an exponential fast decay
of the structure constants [109].

The structural Green’s function matrix for the reference (screened) system can

be written as

G'(e) = G ()L — t"(2)G. ()7, (A.30)

— =0 = = =0
and that for the original system by Eq.(A.26). It can be seen that the original

Green’s function matrix of the system can be expressed by the screened one as

I

() = G'(e)(L - ALE () (A.31)

where At(e) = t(e) —t"(¢), and the screened ¢ matrices can be calculated analyti-

cally. Introducing the screened scattering path operator as
z,(e) = (ALle)™ = GT(e) 7, (A.32)
Eq.(A.31) can further be expressed as

G(e) = At(e) 'z, (e)At(e) ™' — At(e) . (A.33)

= ;A = =

From a similar equation for the physical quantities follows the equality between the

screened and non-screened SPO-s,
(e) = t(e)[At(e) "'z, () At(e) T + (t(e) ™ — Atle)TH]t(e). (A.34)

Thus the SPO of the real system can be calculated from the screened SPO using
the appropriate ¢ matricies. Szunyogh et.al. used the screened KKR method for 2
dimensional translation invariant systems (first for free surfaces [11], later for thin

multilayers [15]). In this case the atomic position vectors R; can be written as
R, =C,+ Ry, (A.35)

where R;| € Lj, and Ly is the two dimensional translation group. C), is the spanning
vector of the layer p. Because of the two-dimensional translation invariance, it is

straightforward to use a lattice Fourier transformation of the structure constant

pq _ k) Ry
Ghie k)= > Gy(5,C,—Cy+Rype ", (A.36)

RZ'HGLQ
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(e k) = (At(e) ™ = G' (e, k) (A.37)

Because of the fast decay of the screened structure constant, it can be truncated
for large layer-layer distances (usually truncated beyond 3 layers), and regarded as
a block tridiagonal matrix, where the blocks are related to the so-called principal
layers. The system can be partitioned into a semi-infinite left (L) and right part (R),
and an in-between intermediate part (1), which is in the focus of interest. According

to this grouping the inverse SPO matrix also split to blocks,

(k)i (e ko 0
(k)= @, k) (ko (T, ER)w |, (A.38)
0 (Z (e k)rr (Z (6 k))rr

where using the block-tridiagonal property of the above matrix, the inversion can
be efficiently performed by using the method proposed by Godfrin [110]. The com-
putation time of this inversion method scales linearly with the number of layers N.
Compared to other methods, which show a N3 scaling, this method saves a consid-
erable computer time especially for large systems. The real space screened SPO can
then be obtained in terms of an inverse Fourier transformation,

1

Oz

T <€7 Rpi - Rq,])

T, / dkiT, (e, ky)e IR, (A.39)
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Appendix B

Coherent potential approximation

(CPA)

The CPA is commonly used calculate configurational averaged quantities of chemi-
cally disordered systems. A good description of the single-site CPA impemented in
the KKR formalism can be found in the paper of Butler [67]. In the present work we
extended the single-site CPA formalism to the averaging for the continous variable
of the local moment directions. In this appendix we describe this formalism. In
the “direction”-CPA the probability density functional replaces the concentrations
of the components in the original “chemical”’-CPA.

The main idea of the CPA, is to regard a reference coherent (translational in-
variant) system, where the Green’s fuction (and other physical quantities which are
derived from it) are equal with the configurational average of the disordered system,
ie.

Ge=(G) = (H/déz) P{er)G({e}) (B.1)

equality holds, where G({é}) is the Green’s function of a system in a configuration

specified by {é}. This equation can be formulated with the scattering path operators:
n=11 [ dertiensiien (B2)

7 is regarded to be the scattering path operator (SPO) of a system, where the i-th

site occupied by the local moment é;.

where m({é});; = d;t(é;) "
T({e}) = (m, — Gy + Am({e}))
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where Am ({é})ij= &;(t; ' —t1). using that 7, = (m, — G,) "

({e}) = (1 + Am({e})r) "

(|

splitting 7. = 7¢ + 72 to diagonal and offdiagonal part:
({e}) = L+ L+ Am({eh) ) " Am({eh) 2} 1+ Am({eh)r) ™ (B.3)

let’s denote the diagonal matrix (1 + Am({é})7d)~" = D({é}), where the diagonal
elements (D);; = 6;D;
Di=(1+(t;" =t )r) " (B4)

it is easy to see, that the expansion of D({é}) is
D({e}) = 1 - Am({e})r + Am({e})riAm({e})rd — ..

We can introduce the so called excess scattering matrix,

X({e}) =D({ehH)Am({e})= Am({e}) — Am({e})r!Am({e})+
+Am({e})r!Am({eh)riAm{e}) — ... = (D{{e}) = D(EH ™ (B5)

What is also diagonal: (X); = 63X, with
Xi=—((t7" =t +7)™

so Eq.(B.3) reads:
r({e}) = 7{L+ X({e})72} ' D({e})
what can be expanded as

r({e}) = iD({e}) + X({ep)reD({e}) + X({e)r? X ({ep)7D({e}) + .. .} (B.6)

In the single-site CPA the sites regarded to be independent, i.e. the probability

splits to site-independent quantities, i.e.
PUen=TT P
The essence of the singleCPA is demanding that
/déiXi(éi)P(éi) =0 (B.7)
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ie. (X;) =0. From Eq.(B.5) follows, that this is equivalent with
(Di) = L.

In this case writing back Eq.(B.6) to Eq.(B.2) we can average the terms separately,
and we get, that beside the remaining zero order term, the terms from 1. up to 4.

order in X dissappear through the averaging i.e.

fTC {6} {6}) = Tc
JreX({e)reD{eh)P({e}) = [7IX;(1 = op)ri*DpP({e}) = 0 (B.g)
fTéJXJ‘(l — )T X (1 — d) 7' DiP({€}) = 0

from Eq.(B.7), but the fourth order term (and higher even order terms) don’t dis-

appear because terms containing (X?) # 0 remains. With these terms the diagonals

of Eq.(B.2) in this case reads

— / dé;P(eé;) (), (B.9)
where the restricted average of quantity A is defined as

<A> f f A {6}) d€1 déi—ldéi—l—l e déN
G P, (&) ’

7

(B.10)

and using Eq.(B.6) and (B.8) up to fourth order in X the restricted average of the
SPO can be written as

<7‘“> = 7iD;(&). (B.11)

Similarly can be seen, after a longer derivation, that if we restrict the local moment

on two different sites, the restricted average is

where the ¢t upper index means matrix transpose.

The use of single-site (mean-field) approximation is a weakness of the single-site
CPA, it neglects the correlations between sites. The first attempts to go beyond
the single-site CPA is given by Rowlands et.al. who give a cluster generalization of
the CPA (so called Nonlocal-CPA) which takes into account the correlations (short
range order) within a cluster [111][98].
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Appendix C

Onsager Reaction Field
approximation

As we wrote earlier, the DLM uses the mean-field approximation, and it is known,
that it is exact only in the limit of the infinitely large coordination number. J.
Staunton and B. Gyorffy [112] used the so-called Onsager Reaction Field (ORF)
approximation to go beyond the mean-field approximation within the DLM. They
successfully got a 1015K Curie temperature for Fe, which is a large improvement
compared to the mean-field DLM results.
We demonstrate now the idea of the Onsager Reaction Field approximation on
a simple 3 dimensional Heisenberg model. Starting from a Hamiltonian
H=Y" %gijijéj +) B (C.1)
i#] i
where J;; are the exchange parameters, and B; is the external magnetic field on
site 7. In the mean-field approximation the total Hamiltonian is constructed from

independent one-site Hamiltonians:
H=> H,
i
with the 7; = (8;) notation for the average moment using the approximation
§iJij<§j = (T/I\’LZ + §Z — ml)JZj(m] + *§j — m]) =

and neglecting the last term we get for the one-site Hamiltonian:
. 1 1
J J J
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The idea of the ORF is to add a correction term to the Weiss field
. 1 1
HP™ = 3;h; — 3 > madigig = 4 (Z Jijim; — At + Bi) - 5 > i,
J J J
with a yet unknown parameter \;, which is the strength of the reaction field. In this

case the average magnetisation (not writing out the 1/2m;J;;m; so called double

counting term, which is just a constant shift)

f §i67’6§ihid§i

= o = —L(Bh:) (C.3)

with 3 =1/kT and L(z) = 1 — coth(z) the ORF Weiss-field

= —L'(z) (5 > (e = Nidiw)xej + 552‘]‘) (C.5)

From this the paramagnetic susceptibilty can be given as

8mz~

Xii = 3B,

where z = 3 ZJ(JZ-]» — Xidi;)m; + BB; . In the paramagnetic state m; = 0, therefore
from the identity

1
lim L/ (z) = —lim(— + 1 — coth®(z)) = —1/3

r—o r—o U

we get for the susceptibility

wl®

Xij = Z(Jik — Nilik)Xk.j + 30
i

In 3 dimensional translational invarinant system we can take the lattice Fourier

transform:

1 —
x(@) = 5 > et (C.6)
2

and using that
1 iq(R.—R.
N2 <Z Amcm) 1B — A(q)x(a)
irj k
we get

(J(a) = A)x(a) + 5, (C.7)
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where

-1

A=+ > A (C.8)
Or reorganizing

M®=3<%+A—ﬂ®)l- (©9)

On the other hand, using Eq.C.3 we can calculate the diagonal part of the suscepti-

bility from deriving the integral ratio, using that in case of neglecting the offdiagonal

%gj (1 # j) terms

therefore

8mz~ o —ﬁféléleiﬁgli%d§l — fgzeiﬁglhld& * félei’ggli%dgz
o . 2

0B; (f essinas;)

In the paramagnetc phase (3;) = 0 and the first term is 1, because $; unitary vector,

= —B[(5:8:)—(5:) (5:)]

Xii =

therefore
Xi = —0.

On the other hand from the inverse Fourier transformation

Xii Z/X(Q)dq

so from Eq.C.9 we get:

/3 (% + A= J(q)) B dq = —3. (C.11)

The value of X is still not determined yet. We get it from the condition, that at the
Curie temperature (T.) the q = 0 susceptibility diverge

A x(q = 0) = co,

i.e., from Eq.C.9

%+5\—J(0) = 0. (C.12)
writing this back to Eq.C.11 we get the Curie temperature:
1 Be
————dq=~—. C.13
| s 3 e
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This formula is the same as the result of Random Phase Approximation (RPA)
[113]. The RPA describes much better the magnetic structure than the mean field
approximation. It was proven that the result of the RPA approximation for the
magnetization-temperature dependence is very close to the exact solution of the
Heisenberg model [114]. A similar derivation can be given for 2 dimensional Hesin-
berg model, where the 7, j indices run over the two dimensional lattice sites, and q
is a two dimensional Brillouin zone vector. The integral in Eq.C.13 diverge for 2 di-
mension, which would mean zero T, which is in agreement with the Mermin-Wagner
theorem, what says that there is no phase transition in the 2 dimensional isotropic
Heisenberg model (notice that the Mean-field approximation gives finite Curie tem-
perature, which is a large mistake). However taking into account the anisotropy
energy as an addittive parameter to J(q) — J(0) the integral will be non divergent,
and gives the inverse Curie temperature. This method was used by Pajda et.al.
[115] to determine the T, of magnetic overlayers on Cu(001) surface.

The ORF method sounds promising for the first sight, but if we want to use it
to describe the magnetisation (or anisotropy) temperature dependence in magnetic

thin films, we have serious problems
e The effect of the anisotropy is not solved yet.
e The result for n = ocoand 1 layer is clear, but not for an intermediate n.

e How can we describe the ferromagnetic region (7' < T, ) 7 Is the A temperature

dependent?
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Mean-field solution of the
anisotropic Heisenberg model

Starting from an anisotropic Heisenberg Hamiltonian

H= ;Z &, by — ZK (D.1)

pq

where €, are the unitary spin vectors. The anisotropy of this Hamiltonian arise not
only from the on-site anisotropy K, but also from the anisotropy of the exchange
matrix J,,, which is no longer proportional to the unitary matrix for fix p and ¢ layer

index. For uniaxial anisotropy

Bl = X = g = TS A TR = A (D.2)

In the mean field approximation the probability of a configuration splits to a product

of site independent probabilities:
P({&}) H P (D.3)
The magnetisation of the p layer is:
;= / e. P\ (é)dé = L (—8n{?) (D.4)

Beside this, for a first approximation neglecting the anisotropy the Weiss field can

be given by (see appendix C) :

Wi =" Ty (D.5)

q
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Therefore in order to get the magnetisation, the equation:

=L (—ﬁ > J;;m;> (D.6)

should be solved self consistently for the layer dependent magnetisations, which on
this level regarded to be direction independent, i.e. from Eq.D.6 the z index can be
abandoned, and the averaged J,, used as the Heisenberg exchange matrix.

The magnetic anisotropy i.e. the free-energy difference between the two different

orientation of the averaged magnetisation (1, || £ andm, || 2) can be expressed as
- <H>z - (TS:B - TSZ)- <D7>

From the assumption of the orientation independent Weiss fields follows that the
entropy difference vanish: S, — S, = 0 . Thus the average of the Hamiltonian

function (Eq. D.1) can be written as

H,) = —%ngJ;; =YK ()" - (D.8)
Ppq p
Here

<(62)2> =27 [ cos ﬁm exp (— Bh cos ) sin ¥dv) = (D.9)

P

B 2
- (BrE)” i

and from symmetry considerations

coth(Bhy) +1 = ﬁhz L(—=ph)+1= ﬁhz ms +1

z

2 2 . Bh : '
<(ep) >x = <(ep) >Z = //sm2196052 wm exp (—ﬁhp cosz9) sin ¢didy =

(D.10)
ﬁhf; B . 1 22

= 7r/(1 — cos® ﬂ)m exp (—Bh; cos ) sin 9y = ) (1 - <(€p) >z> )
(D.11)

therefore
2 2 3
<(ez) > — <(ez) > = ——=m, + 1. (D.12)
Prr PP le R
The magnetisation difference cause only a second order term, therefore as a first

approximation the mj = m; = m, can be used, and we get for the magnetic
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anisotropy:

3
Fy—F. = (Hy)—(H.) = — > my, (T —J) mq+zp: K, <ﬁ—hpmp + 1) (D.13)

pq

where m,, is the soultion of Eq.D.6, and h, can be get from Eq.D.5.
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