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Abstract

The dynamic process of how fast a spintronic device can be switched from
one state to another is characterized by the Gilbert damping parameter. It
has been found that the Gilbert damping along with other intrinsic proper-
ties in permalloy, can be tuned by di�erent dopants and doping concentration.
Therefore, a study of intrinsic magnetic properties with emphasis on the de-
pendence of the Gilbert damping parameter from first principles calculations is
investigated. It is aimed at to give an insight of the microscopic understanding
originated from electronic structure and to provide a guideline in the practical
spintronic design. The topic of the present thesis is to investigate, by means of
first principle calculations, how the variation of the Gilbert damping parameter
depends upon the electronic structure of pure and doped permalloy. We show
that the Gilbert damping has a monotonic increase with the doping concentra-
tion due to an increasing amount of scattering processes. The dopants of the
5d transition metal give rise to a much larger impact than the 4d, as the spin
orbit coupling e�ect is more pronounced in the heavy elements. Our results
are in satisfying agreement with experiment.
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Sammanfattning

Denna avhandling behandlar magnetiska material, främst inom tilllämp-
ningar inom informationsteknologi. Man kan slarvigt dela upp tillämpningarna
i dels informationslagring samt nya kretsar som eventuellt kan ersätta befintli-
ga elektroniska kretsar. Gemensamt för bägge dock är att man vill manipulera
det magnetiska materialet och ändra dess tillstånd med hjälp av ett yttre mag-
netisk eller elektrisk fält. Helst vill man att denna tillståndsförändring skall gå
som fort som möjligt med en så liten yttre kraft som möjligt för att reduce-
ra kraftförluster. Den viktigaste mikroskopiska materialparameter som styr är
den så kallade Gilbertdämpningen på materialet. Ofta vill man ha ett så lågt
värde som möjligt men man vill även kunna ändra och kontrollera dämpnngen
efter behov. Permalloy (Py) som är en legering bestående av nickel och järn
(80 % Ni och 20 % Fe), är ett lämpligt utgångsmaterial i dessa sammanhang
då det uppvisar låg dämpning men samtidigt är metalliskt. Om man dopar
Py med ett annat element, till exempel platina (Pt), har man experimentiellt
sett att dämpningen kan ändras inom ett större intervall. För att få en bättre
förståelse vilka processer som påverkar dämpningen från dess elektronstuktur
har en systematisk studie utförs, där dämpning och styrka på de magnetiska
växelverkningarna har beräknas med täthetsfunktionalteori på Py dopat med
en serie av övergångselement. Från resultaten av beräkningarna, ser man att
dämpningen ökar montont med koncentration av dopningselement, på grund av
ökad spridning i materialet som avspeglar sig i att elektronstrukturen blir mer
di�us. Största e�ekten kommer dock från relativistiska e�ekter i form av så kal-
lad spinn-ban koppling som uppvisas i att tyngre dopningselement ur 5d-serien
i det periodiska systemet har klart större dämpning än de lättare dopning-
selementen i 4d-serien. Beräkningarna har kompletteras med experimentiella
mätningar och överlag har god överensstämmelse infunnit sig. Resultaten kan
användas till att öka förståelsen till hur man skall designa mer e�ektiva material
inom spinntronik och magnonik området.
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Chapter 1

Introduction

Among information technologies, the design of spintronic devices for novel stor-
age [1,2] has attracted a lot of interest due to potentially reduced energy consump-
tion and improved performance compared to electronic devices [3,4]. The utilization
of such devices, requires an understanding of the magnetization dynamics of the sys-
tem. The speed of a magnetic system returning to its equilibrium from an excited
state is characterized by the magnetization relaxation rate, or generally named the
Gilbert damping parameter. Normally a low Gilbert damping is favored as it re-
duces energy losses. The response frequency which is determined by the saturation
magnetization should be controlled independently apart from the Gilbert damping.
A distinctive property of doped permalloy (20% Fe, 80% Ni) is that the satura-
tion magnetization and Gilbert damping can be varied depending upon the type of
dopants and their concentration [5,6].These intrinsic magnetic properties have been
measured in the experiments for the di�erent dopants at varied concentration [7].
However, a comprehensive study, with focus, a microscopic understanding of the
role by di�erent e�ects over all kinds of dopants, is missing.
The theoretical approaches dealing with the electronic structure problem have been
developed in a rapid progress [8]. In the spirit of density functional theory (DFT),
the disordered magnetic system can be described by Green’s function methods [9,10]
within the framework of the multiple scattering theory (MST) and coherent poten-
tial approximation (CPA). These theoretical progresses together with the increase
of computational resources make the modeling of transition metal doped permalloy,
in particularly calculation of Gilbert damping in these materials feasible [11–13].
In this thesis, calculations of the Gilbert damping of doped permalloy are presented
and a comparison is made with respect to doping with the 4d and 5d transition metal
(TM) impurities. The two major contributions to the Gilbert damping, namely the
scattering due to chemical disorder and the spin-orbit coupling, are discussed. The
magnetization at room temperature is obtained by employing Monte-Carlo simu-
lations, in which the system is mapped into a classical Heisenberg model with the
exchange interactions extracted from DFT.

1



2 CHAPTER 1. INTRODUCTION

The thesis is organized as follows. A short description of DFT along with the
KKR-Green’s function method and the CPA for dealing with di�erent type of dis-
ordering are given in Chap. 2. A simple model of magnetism and methods of calcu-
lating exchange interactions are presented in Chap. 3. The methods for obtaining
the magnetization and the Gilbert damping parameter are addressed in Chap. 4.
Finally, the magnetization at finite temperature, the trend of the Gilbert damping
and the spin sti�ness for permalloy doped with elements from the 4d and 5d TM
series are presented in the Chap. 5. Finally, we demonstrate that our calculated
results are in good agreement with available experimental results.



Chapter 2

Density functional theory

2.1 Basic idea of solving many-body problem

In order to understand the nature of atoms, molecules and condensed matter, which
consists of electron and nuclei, we need to develop proper theoretical approaches and
computational methods for solving the many-body problem. Based on the fact that
the electrons are much lighter than the nuclei and thus move much faster, the Born-
Oppenheimer approximation [14] can be adopted, which states that the movement of
the atomic nuclei is neglected when evaluating the electronic properties. Therefore,
the Hamiltonian that we will focus on is simplified as Ĥ = T̂ + V̂

ee

+ V̂
ext

, where T̂
is the kinetic energy of electron, V̂

ee

is the electron-electron interaction and V̂
ext

is
the electron-nuclei interaction a�ecting by the external potential that generalized
from the fixed atomic nuclei.

2.2 Density functional theory

To solve the interacting many-body problem is among one of the great challenges
from history and even nowadays. On the way to exploring the electronic properties,
Density functional theory (DFT) is known as a revolutionary development on the
purpose of a parameter-free (ab-initio) approach.
There are two fundamental theorems stated from Hohenberg and Kohn [15] that
support DFT. The first one says: “for a given external potential v, the total energy of

a system is a unique functional of the ground state electron density.” The exclusive
mapping between an external potential and its density suggests that instead of using
the many-body wavefunction, one can substitute it by the electronic density

E[n(r)] = T [n(r)] + V
ee

[n(r)] + V
ext

[n(r)]. (2.1)

The second theorem states: “The exact ground state density minimizes the energy

functional E[n(r)].” We will later see this point implies that the variational method
could be employed and that the problem is solved self-consistency.
We start by considering a non-interacting system, in which V

ee

is absent. The

3



4 CHAPTER 2. DENSITY FUNCTIONAL THEORY

Hamiltonian which in this case only consists of the kinetic energy and an external
potential, can be described in the one-electron Schrödinger equation,

(≠Ò
2 + v

s

)Ï
i

= ‘
i

Ï
i

, (2.2)

where v
s

is the external potential, ‘ and Ï is the eigenvalue and wavefunction of the
single particle i, respectively. The energy functional is obtained from E

op

[n
op

(r)] ©
T

op

[n
op

]+v
s

[n
op

], where n
op

is the one-particle density with total number of particles
N , which can be directly calculated

n
op

=
N/2ÿ

i=1
2|Ï

i

(r)|2. (2.3)

Within the Kohn-Sham approach [16], we try to seek an auxiliary non-interacting
system which contains the same density as the underlying interacting system, such
that electrons are moved in an e�ective potential. Thus, the energy functional may
be expressed

E[n(r)] = T
op

[n(r)]+
⁄

n(r)v
ext

(r)dr+ e2

2

⁄ ⁄
n(r) · n(rÕ)

|r ≠ rÕ| drdrÕ +E
ex

[n(r)]. (2.4)

The first term on the right side of Eq. 2.4 is the one-particle kinetic energy func-
tional, the second term is from the external potential, the third term concerns
the electrostatic electron-electron interactions, also called the Hartree-term. The
remaining electron-electron interaction and the corrections apart from the true ki-
netic energy are collected in the last term, which is the exchange-correlation energy
E

xc

. With the knowledge of the density n(r), the first three terms are feasible to
calculate numerically, while the last term E

xc

(n(r)) is typically approximated by
the free-electron gas.
The energy functional can be varied:

”E[n]
”n

= ”T
op

[n] +
⁄

dr”n(r)[v
ext

(r) +
⁄

e2 n(rÕ)
|r ≠ rÕ|drÕ + ”E

xc

[n(r)]
”n(r) ] = 0 (2.5)

Thus, from a guessing density the energy functional can be constructed, and the
minimization of Eq. 2.5 gives rise to a new density, which will be used to obtain
the new energy functional and so on. In this way, the potential and the density of
the system are determined iteratively until the changes of density vanishes within
a tolerance, and self-consistency is achieved.
In practical calculations based on DFT, the E

xc

is calculated approximately. One
of the most common approximations is the local density approximation (LDA) [16,
17], which replaces E

xc

with the exchange and correlation energies for an uniform
electron gas

ELDA

xc

[n(r)] =
⁄

‘
xc

n[r] n(r)dr, (2.6)
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where ‘
xc

[n(r)] is the exchange-correlation energy density. Another way of con-
structing a functional is by using both the density and its gradient, named general-
ized gradient approximation (GGA):

EGGA

xc

[n] =
⁄

f(n, Òn)dr (2.7)

Both LDA and GGA works surprisingly well in many cases despite their simplicity.
In the thesis, most results are obtained from GGA within the Perdew-Burke and
Ernzerhof (PBE) parameterization [18].

2.3 Korringa-Kohn-Rostoker Green’s function (KKR-GF)

The Korringa-Kohn-Rostoker (KKR) method [9] provides a framework for calculat-
ing the electronic structure of a system e�ciently by means of single-particle Green’s
functions (GF). Adopted on the same principle as density functional theory, in which
energies are written as functionalities of its density. This central quantity is obtained
from the Kohn-Sham (KS) [16] scheme, where the many-body interacting system
is mapped onto a non-interacting system. Instead of using variational methods to-
gether with solving the ground-state eigenvalues and eigenfunctions problem, the
KKR-GF method initializes from the Bloch state of a free-electron GF G0, since it
contains the equivalent information as the wave-function 1.

Two major computational steps are considered in modern KKR-GF methods
[9, 10] on the basis of multiple scattering theory (MST). A potential-related step
that a domain is decomposed into separated atomic sites. Within each site, the
electronic motion, treated as a single site scattering problem, is solved in an isolated
potential V n(r). A geometry-related step that propagates the free-electron GF
completing the series of the scattering processes. To be more specifically, in the
first step the solution is found by making use of the boundary condition and solve
the secular equation subsequently. The solution in terms of radial wave functions are
represented by a more generalized single-site scattering t-matrix t̂n. Regarding to
the Dyson’s equation, which is connected to perturbation theory, the single particle
GF at a site n can be obtained from the free-electron G0

Ĝn(E) = Ĝ0(E) + Ĝ0(E)t̂n(E)Ĝ0(E). (2.8)

In the second step with respect to an array of scatterers, a full GF can be formulated
in the same structure as Ĝn

Ĝ(E) = Ĝ0(E) + Ĝ0(E)T̂ (E)Ĝ0(E) (2.9)

where the scattering path operator T̂ =
q

nn

Õ ·̂nn

Õ(E) is defined as a sequential
scattering event that an electronic wave incoming at site nÕ into a wave releasing

1
Similar to the Schrödinger equation, we define the Green’s functions as [iˆt ≠ H0(r) ≠

V (r)]G(rt, rÕtÕ
) = ”(r ≠ rÕ

)”(t ≠ tÕ
)
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from site n with all possibilities taken into account self-consistently.

As mentioned above, a single particle GF contains the same information as a KS
wave-function. One can obtain the ground-state energy and the expectation value of
any single-particle operator in the ground-state. In addition, the KKR-GF method
has many appealing features compared to Hamiltonian based implementations. For
instance, the calculation of disordered system within coherent potential approxima-
tion (CPA) can be achieved straightforwardly, which restores the translational sym-
metries (Chap.2.4). Using the disordered local moment (DLM) approach [19, 20],
the treatment of magnetism at finite temperatures can be formulated. Moreover, it
is a good starting point for electron transport calculations and for calculations of
magnetic exchange interactions (Chap.3.2).

2.4 Coherent potential approximation (CPA)

One of the challenging tasks in band structure methods is the treatment of disor-
dered systems, due to the translational symmetry of the underlying lattice broken in
Bloch picture. One way to restore the symmetry is proposed by virtual crystal ap-
proximation (VCA) scheme. With the atomic number of any components weighted
by its own concentration, a hypothetical element accounting for the average atomic
number Z = x

A

Z
A

+ x
B

Z
B

is constructed for a binary alloy A
xAB

xB . By doing so,
the hypothetical elements provide an average description for the disordered system
but fails to capture the individual properties of the components. Hence, the VCA
only gives qualitative reasonable results when the component atoms are neighbors
in the periodic table.
However, a much improved approximation is the coherent potential approximation
(CPA) scheme [21, 22] that the contribution of individual components of the prop-
erties of the random alloy can be distinguished. The key idea is to embed each of
the components of an alloy A

xAB
xB into an e�ective medium that reproduces the

properties of the original system by taking into account the concentration-weighted
average (see the schematic figure 2.1). The main condition is to require that the
average scattering of the e�ective medium is zero.

Figure 2.1: The CPA medium should reproduce its properties of embedding one of
the components of an alloy A

xAB
xB .
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The CPA medium can be expressed in terms of the scattering operator matrices
in KKR-GF formalism:

x
A

·A

nn

+ x
B

·B

nn

= ·CP A

nn

. (2.10)

In addition, within the KKR-GF-CPA scheme the Green function for an alloy is
then given as the concentration-weighted average

G(r, rÕ, E) =
ÿ

–

x
–

G–(r, rÕ, E). (2.11)

Equation (2.11) illustrates the robustness of CPA, since it provides an averaged but
component-specific information on calculating the electronic structure.

It is needed to stress that the CPA scheme dealing with disordered system may
not be only limited on the chemical disorder (i.e. random alloy), but can be applied
on other types of disorder as well, such as spin disorder in a magnetic system or
the random atomic displacements by thermal vibrations. The latter case is closely
related to the approach dealing with the temperature dependence of the Gilbert
damping parameter –, see Chap. 4.2.





Chapter 3

Magnetism and magnetic properties

3.1 The origin of magnetization and the Stoner model

The behaviour of magnetic materials properties is only revealed after the under-
standing of the inherited spin freedom of the electrons. The magnetization is related
to the unequal number of electrons occupied in the spin up and spin down states
by M = µ

B

(nø ≠ n¿). Thus, the knowledge of spin-polarized density of states D(E)
enables us to predict the associated ferromagnetism.

Using the one-electron approximation, in Eq. (3.1) the energy is written in
terms of the kinetic energy, the exchange energy and the Zeeman energy

E

V
= µ0µ2

B

2‰
p

(nø ≠ n¿)2 ≠ U

4 (nø ≠ n¿)2 ≠ µ0µ
B

(nø ≠ n¿)H, (3.1)

where µ0 is the magnetic field constant, µ
B

is the Bohr magneton, H is the magnetic
field and U describes the intra-atomic Coulomb interacting strength, also known as
the Stoner parameter. It implies that the the kinetic energy increases due to the
spin transfer from the occupied spin down electrons at lower energies to the un-
occupied spin up electrons at higher energies. However,the spin transfer will gain
energy from the decreasing Coulomb repulsion and Zeeman energy.

Combining the first and second term in Eq. (3.1), written in the same form as
the kinetic term and known by the Pauli susceptibility, ‰

p

= 2µ0µ2
B

D
s

(E
F

), one
obtains

‰ = ‰
p

1 ≠ UD
s

(E
F

) , (3.2)

where ‰ is the exchange-enhanced Pauli susceptibility, at D
s

(E
F

) is the density of
states at the Fermi energy.

Further analysis of ‰ shows that the susceptibility increases and eventually
diverges with the increase of D

s

(E
F

). The paramagnetic state is unstable at

9
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UD
s

(E
F

) > 1, where D
s

(E) ≥ 1/2D(E). This is the well-known Stoner (Stoner
1938) condition: a condition for qualitatively categorizing the paramagnetic state
and ferromagnetic state.

Figure 3.1: The three possible solutions as a result of the increasing interaction
strength from left to right: the stronger the interaction of U the larger polarization.

As illustrated in Fig. 3.1, the Stoner model provides a consistent physical picture
with the Pauli principle that the Coulomb repulsion is reduced due to electrons with
the same spin would never occupying the same spatial orbital. However, at the cost
of larger kinetic energy, spin can transfer from one spin channel to the other, causing
an exchange splitting.

3.2 Magnetic force theorem and exchange interactions

The band splitting described in the Stoner model gives rise to the intra-atomic
interaction, while another type of interaction is from the inter-atomic, corresponding
to the exchange parameter in the e�ective classical Heisenberg Hamiltonian

H
ex

= ≠
ÿ

ij

J
ij

e
i

e
j

. (3.3)

One way to calculate the exchange interactions is to employ the local spin density
functional (LSDF) approach [20,23] in the language of the multiple-scattering theory
(MST). The total exchange field J0 can be related to the total energy variation
”E ascribing to the rotation of one spin moment by an infinitesimal angle ◊ in a
ferromagnetic configuration:

”E0 = 2
ÿ

j

J0j

(1 ≠ cos◊) ¥ J0◊2, (3.4)

J0 =
ÿ

j

J0j

. (3.5)
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In analogy to J0, the individual pair interactions J
ij

are connected to the two
spin moments at sites i and j by rotating ±◊/2, respectively. It is worth noticing
that the variation of the total energy should exclude the interaction energies of site
i and j with the environment

”E
Õ
ij

= ”E
ij

≠ ”E
i

≠ ”E
j

(3.6)

= J
ij

(1 ≠ cos◊) ¥ 1
2J

ij

◊2. (3.7)

Since the changes of the energy term can be treated as a perturbation from the
ground state, the local force theorem can be applied in this case. It simplifies the
calculation of energy variation ”E as the sum of one-particle energy changes at the
fixed ground state potential. From the first order perturbations of the density, one
obtains

”E =
⁄

‘F

≠Œ
d‘ ‘ ”n(‘) = ≠

⁄
‘F

≠Œ
d‘ ”N(‘), (3.8)

where n(‘) = dN/d‘. The N(‘) is obtained via the Lloyd’s formula from MST:

N(‘) = N0(‘) + 1
fi

Im Tr lnT̂ (‘), (3.9)

where T̂ is the scattering path operator. We define the ground ferromagnetic state
as:

T̂ 00 =
A

T̂ 00
ø 0
0 T̂ 00

¿

B

(3.10)

J0 can be expressed in terms of the scattering path operators as

J0 = ≠ 1
4fi

⁄
‘F

≠Œ
d‘ Im Tr

L

{�0(T̂ 00
ø ≠ T̂ 00

¿ ) + �0T̂ 00
ø �0T̂ 00

¿ }, (3.11)

where Tr
L

is the trace over orbital variables of scattering matrices, and �
i

= (t̂≠1
iø ≠

t̂≠1
i¿ ), t̂ is the single site scattering operator.

In a similar approach, one can obtain the J
ij

J
ij

= 1
4fi

⁄
‘F

≠Œ
d‘ Im Tr

L

{�
i

T̂ ij

ø �
j

T̂ ji

¿ }. (3.12)

With the exchange interactions available, the energy of a classical spin spiral
magnetic state can be calculated from the relation

E(q) =
ÿ

j

J0j

{1 ≠ exp(iq · R
j

)}. (3.13)

Reversibly, the exchange interactions can be obtained from the Fourier transform
of the energy di�erences of the various spin spiral magnetic states, which is an
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alternative way to calculate J
ij

in the reciprocal space, known as frozen magnon
method [24].
The spin spiral energies are directly related to the magnon energy Ê(q). For cubic
systems at small wave vector, Ê(q) ≥ Dq2, where D is the spin sti�ness, see Sec.
5.2.1

D = 2µ
B

3m

ÿ

j

J0j

R2
0j

. (3.14)

The corresponding micromagnetic exchange constant A, can be determined from
D, according to the relation

A = DM
s

2gµ
B

, (3.15)

where M
s

is the saturation magnetization, g is the Landé factor and µ
B

is the Bohr
magneton.



Chapter 4

Finite-temperature magnetism

The temperature dependent magnetic properties is not straight forwardly obtained
from DFT calculations. In order to obtain, for instance the magnetization from ex-
periments at finite temperature, we are using Monte Carlo (MC) methods. The MC
simulations are performed for the Heisenberg model, where the exchange parame-
ters are calculated from DFT (Chap. 2), this Chapter will focus on the methods
that aim at obtaining temperature dependent magnetic properties.

4.1 Monte Carlo simulations and Metropolis algorithm

Monte Carlo methods [25] in general speaking, are about the use of computers
to solve problems in statistical physics and other fields by making use of random-
ness. Among this large class of numerical methods for solving equilibrium problems,
we will focus on the Metropolis algorithm [26], since it is one of the most impor-
tant methods, hence it is the one that we have applied in our calculations. It is
worth noting that Metropolis algorithm in general does not need to be restricted
to any models, however connecting to the main subject we will take our specific
parametrized Heisenberg model that simulate the temperature dependent magneti-
zation.

The di�erent orientations on each of the magnetic moments in real space would
form a set of states of the system. Every state is accessible from any other, and
the selection probabilities are required to be equivalent for all possible states in the
system, which is guaranteed by a good random number generator. Practically, we
will need to generate a random number between 0 and 1 with uniform distribution.
The change of the direction of moment is determined by random numbers. A
transition rate between two states µ and ‹ is determined by

P (µ æ ‹)
P (‹ æ µ) = e≠(Eµ≠E‹)/kBT , (4.1)

where E
µ

and E
‹

are the energies corresponding to the state µ and ‹. In such a

13



14 CHAPTER 4. FINITE-TEMPERATURE MAGNETISM

way the acceptance rate A(µ æ ‹) is not only determined by the energy, but also
evaluated at a specific temperature T

A(µ æ ‹) =
I

e≠(Eµ≠E‹)/kBT if E
‹

≠ E
µ

> 0
1 otherwise

It indicates that the attempted moves with lower energies will always be accepted,
while those with higher energies than the previous state have a conditional accep-
tance, which is further weighted by the Boltzmann function. By repeating this
process, the system will be brought into equilibrium.

Figure 4.1: A schematic figure shows the saturation magnetization reduces to zero
as temperature increases up to the critical temperature Tc.

In Fig. 4.1 a typical temperature dependence of a ferromagnetic material is
displayed. The magnetization at zero temperature is called the saturation magne-
tization (M

s

), while the magnetization vanishes at the Curie temperature (T
c

).

4.2 Gilbert damping parameter

The relaxation rate which relates to the time scale of magnetization transition from
one state to another is characterized by the Gilbert damping. This can be seen from
Landau-Lifshitz-Gilbert (LLG) [27] equation, which describes the time dependent
magnetization process

1
“

dM
d·

= ≠M ◊ He� + M ◊ [
ÂG(M)
“2M2

s

dM
d·

], (4.2)
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where “ gyromagnetic ratio, He� is the e�ective field, M is the magnetization and
ÂG is the Gilbert damping tensor.
A good understanding of the Gilbert damping is essential for future spintronics
design e�orts. This factor used to be treated as a phenomenological quantity in
simulations. With ferromagnetic-resonance (FMR) [28] techniques available, it can
be indirectly identified from the broadening of the resonant line width measured at
di�erent frequencies. Both extrinsic and intrinsic e�ects have contribution on such a
broadening. Performing measurements with both angular and frequency dependen-
cies, the extrinsic e�ects due to the sample imperfection can be separated from the
intrinsic e�ects. The intrinsic e�ects of the damping we can make comparison with
from the developed theory on the basis of first principles methods. It is found that
the spin-orbit coupling and scattering on di�erent type of impurities are the two
pronounced mechanisms in magnetic energy dissipation. Hence, the method should
account for both mechanisms and be flexible enough to deal with multiple scattering
processes. In contrast to the conventional torque correlation model (TCM) [29], it
is possible to remove the relaxation time parameter · using the scheme proposed
by Brataas et al. [12]. By using the scattering theory and spin-orbital coupling by
means of a fully relativistic Hamiltonian, the expression is formulated in terms of
Green functions and scattering operators [11]. In addition, inclusion of the phonon-
electron scattering at finite temperatures and other scattering due to the randomly
distributed atomic species can be included using an alloy-analogy model.

The starting point is to relate the energy dissipation Ė
dis

, with the magnetic
energy Ė

mag

, with respect to the changes of the magnetization, such that Ė
dis

=
Ė

mag

,
Ė

mag

= He� · dM
d·

= 1
“2 ( ˙̂m)T [ ÂG(M)( ˙̂m)]. (4.3)

The general form of ÂG is a tensor, since it has dependency on the direction of
the magnetization, however it is often reduced to the scalar quantity –. With a
small deviation from the equilibrium of magnetization m̂0, this leads to m̂(·) =
m̂0 + u(·). Subsequently, the time-dependent Hamiltonian of the system being out
of equilibrium

Ĥ = Ĥ0(m̂0) +
ÿ

µ

u
µ

ˆ

ˆu
µ

Ĥ(m̂0), (4.4)

can be evaluated within the linear response formalism as

Ê
dis

= fih̄
ÿ

ij

ÿ
µ‹u̇

µ

u̇
‹

ÈÂ
i

| ˆĤ

ˆu
µ

|Â
j

ÍÈÂ
j

| ˆĤ

ˆu
‹

|Â
i

Í ◊ ”(E
F

≠ E
i

)”(E
F

≠ E
j

). (4.5)

From eq.(4.3) and eq.(4.5) the Gilbert damping tensor – = ÂG/M
s

“ can be obtained

–
µ‹

= h̄“

fiM
s

ÿ

ij

ÿ
µ‹ÈÂ

i

| ˆĤ

ˆu
µ

|Â
j

ÍÈÂ
j

| ˆĤ

ˆu
‹

|Â
i

Í ◊ ”(E
F

≠ E
i

)”(E
F

≠ E
j

), (4.6)
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where ”-function denotes only states at the Fermi surface contributed.
The eigenstates |ÂÍ can be expressed in the form of retarded single-particle Green’s
function ImG+(E

F

) = ≠fi
q

i|Â
i

ÍÈÂ
i

|”(E
F

≠ E
i

), alternatively one gets the equiv-
alent expression

–
µ‹

= h̄“

fiM
s

TraceÈ ˆ

ˆu
µ

ImG+(E
F

) ˆ

ˆu
‹

ImG+(E
F

)Í
c

(4.7)

where È. . . Í
c

means to perform a configurational average in case of a disordered
system.
The spin-orbit coupling is taken into account via a fully relativistic Hamiltonian
within the framework of local spin-density approximation (LSDA)

Ĥ = c– · p + —mc2 + V (r) + —‡ · m̂B(r). (4.8)

Accordingly one obtains the operator which appears in eq.(4.7) ˆĤ/ˆu
µ

= —B‡
µ

and the Green’s function G+ by using the spin-polarized relativistic version of mul-
tiple scattering theory. The damping parameter can be expressed in the matrix
notation in terms of the torque operator and scattering path operator:

–
µµ

= g

fiµ
tot

ÿ

n

TraceÈT 0µÂ·0nT nµÂ·n0Í
c

(4.9)

where g = 2(1+µ
orb

/µ
µspin). The configurational average È. . . Í

c

as stated above, al-
lows to overcome the di�culties in the disordered system. For random alloy, this can
be achieved using the coherent potential approximation (CPA) alloy theory by hav-
ing a compositional Green’s function and scattering operator weighted by the con-
centration number. In particular, one should include the vertex corrections [11,30]
ÈT

µ

ImG+Í
c

≠ÈT
µ

imG+Í
c

ÈT
‹

ImG+Í
c

in such a way that the angular-moment is trans-
ferred in both directions between the magnetization and the itinerant carriers. Fig.
4.2 demonstrates the vertex correction is crucial.
Another type of disorder is due to thermal fluctuations, which generalize the damp-
ing parameters at finite temperatures. This can be included by taken into account
the electron-phonon self-energy

q
el≠ph

. Alternatively, a set of displacements is cho-
sen in such a way that it reproduces the root-mean square displacements from the
Debye model.

Èu2Í
T

= 1
4

3h2

fi2mk�
D

[�(�
D

/T )
�

D

/T
+ 1

4] (4.10)

where �(�
D

/T ) is the Debye function evaluated at temperature T. The configura-
tional average È. . . Í

c

can be done in fully analogy with the disordered alloy within
the CPA framework.
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Figure 4.2: The non-vertex correction shows an overestimated Gilbert damping
plotted in black, while the corrected one is shown in the red curve.





Chapter 5

Results

This Chapter will present all the main results and cover the issues on how to bridge
from theories to the practical calculations. The lattice constant and magnetic mo-
ment are calculated in Sec. 5.1.1. We will exemplify the DOS of Py with Nb
impurity in Sec. 5.1.2. The Gilbert damping is compared for the di�erent im-
purities e�ect and includes finite temperature e�ects (Sec. 5.1.3 ). The dopant
concentration dependency, which are in a satisfied agreement with experiment, will
be discussed in Sec. 5.2. Finally the spin-sti�ness calculations are performed and
analyzed in Sec. 5.2.1.

5.1 Permalloy with 4d and 5d impurities

An understanding of the magnetic properties of doped permalloy (Py) is important
for designing of new generation magnonic devices. Pure permalloy consists of 80%
nickel and 20% iron and form random alloy on the face-centered cubic lattice. The
Gilbert damping term gives rise to a characteristic time scale between the switching
of di�erent states in any dynamic process. The strongly nonlinear spin wave modes,
which is one of the foundations for spin-torque nanon-oscillators (STNOs) [31] and
spin-Hall nano-oscillators (SHNOs) [32] are governed by the spin-sti�ness. It has
been known that those intrinsic properties in Py can be tailored by doping with other
transition metals [7]. However, the question of controlling the percentage of doping
agent to obtain the desired functionality remains. In addition, we want to tune the
saturation magnetic moment, Gilbert damping and spin-sti�ness simultaneously.
With the computational methods and facilities available, this becomes less expensive
and time consuming. The magnetic properties of disordered system can be well
characterized using the KKR-Green’s function method within the frame work of
CPA. The qualitatively agreement with experiments for Au, Ag and Pt doped
permalloy (Paper I) motivates us to extend the study with the dopants across 4d
and 5d metal series.

19
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5.1.1 Lattice constant and magnetic moment

Knowledge of the lattice constant a of Py with impurities (Py-M), is the first step to
set up in our calculations. The equilibrium a can be found via the energy calculation
as a function of the lattice parameter, since the lattice constant at equilibrium is
corresponding to the energy minimum. In all cases, we have applied the same
crystal structure as pure Py, which is the 3D fcc-structure in case of small amount
of impurities (less than 20%). The calculated trend of the lattice parameter of doped
Py with 10% impurities across the 4d and 5d series can be seen in Fig. 5.1. The
close parabolic trend in lattice constant of Py-M is found in both 4d and 5d series,
which follows the similar trend as the atomic volume of the impurity elements. In
addition, a increases monotonically with the concentration of the dopants. It is
worth noting that the results obtained from LDA are systematically smaller than
the results from GGA. Though the density variation is less pronounced in solids than
in atoms, in principle accounting for the varying density region leads to a lowering
exchange energy. Hence, GGA has a reduction of binding energy, which corrects
the notorious LDA over-binding problem, and results in a larger lattice constant.
There is no guarantee that GGA gives better results than LDA. Weather it is the
case can only be examined by the comparison with experiments. By experience, it
is suitable to apply GGA on our study, thus the latter results shown in this thesis
are all conducted from GGA.

Figure 5.1: The lattice constant of fcc-structure Py with 10% impurities. It indicates
the lattice constants calculated from LDA are systematically smaller than that from
GGA. The elements in the left-hand side represent the 4d series and right-hand side
the 5d series.

The total magnetic moment of pure Py is calculated to 1.05µ
B

at zero temper-
ature with local magnetic moment on Fe and Ni calculated to 2.65µ

B

and 0.65µ
B

,
respectively. The maximum magnetic moment is obtained roughly in the middle
of the series, and it is the same for the 4d and 5d indicated in Fig. 5.2. This can



5.1. PERMALLOY WITH 4d AND 5d IMPURITIES 21

be partly explained by the first Hund’s rule. The electrons will first occupy the
same spin state to reach a maximum multiplicity, which results in first increasing
and then decreasing by crossing the series. The maximum spin moment is found for
Py with 5% Rh impurity in 4d and Ir in 5d series. The decrease of the magnetic
moment upon concentration increase is roughly shown to be monotonic.

Figure 5.2: The saturation magnetic moment of Py doped by 4d and 5d transi-
tion metal elements at di�erent concentrations. The elements in the left-hand side
represent the 4d series and right-hand side the 5d series.

5.1.2 Electronic structure

This section will analyze the density of states (DOS) at the Fermi-level, which
reveals the origin of many magnetic properties. In Fig. 5.3 the Bloch spectral
function A

B

(E, k) is displayed for pure Py and Py0.8Ag0.2. For a disordered system,
the dispersion relation E(k) is not well defined since the system lacks translational
symmetry. However, within CPA the wave vector k is restored as a good quantum
number and alternatively, we investigate the A

B

(E, k), which carries the equivalent
information as E(k). The A

B

(E, k), which can be viewed as a k-resolved DOS
function, are shown for the pure Py and Py with 20% Ag on the left and right
panels of Fig. 5.3. It is clear the Fig. 5.3 that additional doping introduces
additional disorder compared to the pure permalloy, where the individual bands
are more visible.
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(a) Pure permalloy (b) Py alloying with 20% Ag

Figure 5.3: Bloch spectrum function for a) Py b) Py-20% Ag. Additional disorder
is introduced upon doping.

The magnetic moment can be obtained from the di�erent number of electrons
between the spin-down and spin-up states, which is the di�erence from integrating
the DOS of n¿ and nø up to the Fermi-level. The mismatch of the spin-polarized
DOS in Fig. 5.4a gives rise to a magnetic moment about 0.78µ

B

mainly contributed
by the d-electron of Ni. On the other hand, the contribution from the impurity Nb
is minor, seen in Fig. 5.4a. The DOS of d-electron spreads out in the same range
as sp electrons in the Fig. 5.4b, indicating the itinerant or delocalized behavior of
the d-electrons.

(a) Total DOS in Fe0.18Ni0.72Nb0.1 (b) DOS of Nb in Fe0.18Ni0.72Nb0.1

Figure 5.4: The total and orbital resolved DOS in Py-Nb

In Fig. 5.5, the total DOS of Py-M at the Fermi-level n(E
F

) is displayed. A
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higher DOS may increase the scattering and therefore the damping increases. The
trend shows in a similar tendency over both 4d and 5d transition metals (TM), where
the maximum of DOS occurred in the middle of the series, however the variation
is not pronounced. Also worth noting that the larger concentration of impurities
result in a higher DOS except for the anomalous element Ag.

Figure 5.5: The total density of states at Fermi-energy for Py with 10% and 15%
impurities. The elements in the left-hand side represent the 4d series and right-hand
side the 5d series.

5.1.3 Gilbert damping

The calculated values of the Gilbert damping of Py doped with 4d and 5d transition
metals (TM) are compared in Fig. 5.6. The trend of the concentration dependent
Gilbert damping follows the similar trend as the DOS, in particularly for the 5d
series. It indicates that the chemical disorder is one of the major source for the
Gilbert damping. While another factor is the spin-orbital coupling (SOC), which
results in the Gilbert damping of the heavy element in the 5d series can be larger
than the 4d series by up to a factor of 5, even if their DOS are in the same order. The
temperature e�ect of the Gilbert damping, due to the disordering of the phonon
scattering, is shown in the Fig. 5.6, which is found most pronounced in Re in
comparison to Os and Ir (Fig. 5.7).
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Figure 5.6: Gilbert damping parameter of Py doped by the series of 4d and 5d
transition metals compared at di�erent temperature. The elements in the left-hand
side represent the 4d series and right-hand side the 5d series.

Figure 5.7: Gilbert damping parameter for Py with 5d impurities as a function of
temperature.

5.2 The trend compared with experimental results

The ab initio methods have generally been accepted and applied to a broadening
usage since in many cases it predicted or provided a deeper understanding of exper-
imental results, the magnetic properties of doped permalloy is one of such the case.
In this section, the calculations are compared with experimental results for the con-
centration dependent Gilbert damping, magnetization and spin-sti�ness constant.
More details can be seen in Paper I.
The calculated Gilbert damping Fig. 5.8(b), reproduced the same trend as the ex-
perimental results in Fig. 5.8(a), concerning concentration dependence, however the
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values are slightly lower. An increase of the dopants gives rise to a larger Gilbert
damping, seen most pronounced in Pt, while virtually invariant in the Ag case with
Au in between. The solid mark on the right panel indicates the results only includ-
ing the phonon scattering, while the open mark shows when the magnon scattering
e�ect is added on top.
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Figure 5.8: Results compared between the experiments and first principle calcula-
tions for the concentration dependent Gilbert damping, saturation magnetization
and exchange sti�ness.

One of the practical discrepancy to compare with the experiments is that the
measurements are perfumed at the room temperature, therefore the finite temper-
ature e�ect should be taken into account in our calculations. This can be done
straightforwardly by including the phonon and/or magnon scattering in the Gilbert
damping calculations. To obtain the magnetic moment at the room temperature, we
performed an additional calculation by mapping the atomic spin moment within a
classical Heisenberg model with calculated exchange interactions up to the 5 shells.



26 CHAPTER 5. RESULTS

The magnetization is obtained via the Monte Carlo (MC) simulations and the re-
sults give a quantitative agreement with experiments, though it gives a reversed
trend of reduction at finite temperature between the Ag and Au (Fig. 5.8(c)) in
comparison with the experiments (Fig. 5.8(d)).

5.2.1 Spin sti�ness

The spin-wave sti�ness D is not a quantity which is obtained directly from the DFT
calculation, but can be accessed through D = 2µB

3m

q
j

J0j

R2
0j

, which is the sum over
exchange interactions J0j

weighted by the distance between the central site 0 and site
j, where m is the total magnetic moment. The sum is only conditionally convergent
due to the oscillatory behavior of the exchange interactions with the distance and
requires a post-process procedure to get the convergent value as suggested by Pajda
et al. [33]. Hence, the micromagnetic exchange sti�ness A (Fig. 5.8(e) (f)) can be
converted from D by A = DMs

2gµB
.

The alloyed Py with Pt di�ers from the Ag and Au, which might result from the
Py-Pt interaction and Pt is also spin polarized while Au and Ag is not. If we remove
the Py-Pt interaction, the results, shown by the open mark, followed in a similar
trend with Ag and Au. Overall, an overestimation can be seen from the calculated
A, partly due to the results not being involved by any temperature e�ect.



Chapter 6

Conclusion and discussion

A study of the intrinsic magnetic properties of the transition metal doped permalloy
is presented, with particular emphasis on the dependence of the Gilbert damping
upon di�erent dopants and concentration. Two major impacts on the Gilbert damp-
ing are found from the calculation. First due to chemical disordering in which the
Gilbert damping increases along with the concentration of the impurity, due to in-
creases of the scattering. Secondly, due to the spin-orbital coupling that is more
pronounced in the heavy elements, an enhanced Gilbert damping of the 5d series
doped Py is found in comparison with the 4d series. Saturation magnetization,
Gilbert damping and spin sti�ness can be tailored by varying the concentration
of di�erent dopants and independent control of the materials properties becomes
feasible. It is found that the Gilbert damping of Ag doped permalloy is virtually
invariant upon the concentration, while the saturation magnetization and the mi-
cromagnetic exchange sti�ness is monotonically decreasing. The quantitative agree-
ment with experiments is found, which confirms that the methodology of Green’s
function incorporated with multiple scattering theory can be extended to study the
magnetic properties at finite temperature, in which the coherent potential approx-
imation is employed. The analysis of the di�erent scattering and their e�ects on
the Gilbert damping gives an insight of the microscopic understanding originated
from electronic structure. The calculations across the transition metal series of the
doped permalloy provide a guideline to practical spintronic device design.
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