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SUMMARY

The aim of this thesis is to contribute to the understanding of spin-induced phe-
nomena in electron motion. These phenomena arise when electrons move through
a (partially) magnetic environment, in such a way that its magnetic moment (spin)
may interact with the surroundings. The pure quantum nature of the spin requires
transport models that deal with effects like quantum coherence, entanglement (cor-
relation) and quantum dissipation. On the meso- and macroscopic level it is not yet
clear under which circumstances these quantum effects may transpire. The purpose
of this work is, on the one hand, to derive novel spin transport models from basic
principles and, on the other hand, to develop numerical algorithms that allow for a

solution of these new and other existing model equations.

The thesis consists of four parts. The first part has introductory character; it
comprises an overview of fundamental spin-related concepts in electronic transport
such as the giant-magneto-resistance (GMR) effect, the spin-transfer torque in metal-
lic magnetic multilayers and the matrix-character of transport equations that take
spin-coherent electron states into account. Special emphasis is placed on the mod-
eling of the spin-transfer torque which represents the intersection of these concepts.
In particular, we consider the diffusive Zhang-Levy-Fert (ZLF) model, an exchange-
torque model that consists of the Landau-Lifshitz equation and a heuristic matrix
spin-diffusion equation. A finite difference scheme based on Strang operator split-
ting is developed that enables a numerical, self-consistent solution of this non-linear
system within multilayer structures. Finally, the model is tested by comparison of

numerical results to recent experimental data.

Parts two and three are the thematic core of this thesis. In part two we propose a
matrix-Boltzmann equation that allows for the description of spin-coherent electron
transport on a kinetic level. The novelty here is a linear collision operator in which
the transition rates from momentum k to momentum £’ are modeled by a 2 x 2
Hermitian matrix; hence the mean-free paths of spin-up and spin-down electrons are
represented by the eigenvalues of this scattering matrix. After a formal derivation
of the matrix-Vlasov equation as the semi-classical limit of the one-electron Wigner

equation, the ensuing kinetic equation is studied with regard to existence, uniqueness



and positive semi-definiteness of a solution. Furthermore, the new collision operator
is investigated rigorously and the diffusion limit 7. — 0 of the mean scattering time
is performed. The obtained matrix drift-diffusion equations are an improvement
over the heuristic spin-diffusive model treated in part one. The latter is obtained in
the limit of identical eigenvalues of the scattering matrix.

Part three is dedicated to a first step towards the derivation of the matrix collision
operator, introduced in part two, from first principles. For this, we augment the von
Neumann equation of a composite quantum system by a dissipative term that relaxes
the total state operator towards the Born approximation. Under the premise that the
relaxation is the dominant process we obtain a hierarchy of non-Markovian master
equations. The latter arises from an expansion of the total state operator in powers
of the relaxation time 7,.. In the Born-Markov limit 7, — 0 the Lindblad master
equation is recovered. It has the same structure as the collision operator proposed
in part two heuristically . However, the Lindblad equation is still a microscopic
equation; thus the next step would be to carry out the semi-classical limit of the
result obtained.

In part four we perform a numerical study of a quantum-diffusive, two-component
spin model of the transport in a two-dimensional electron gas with Rashba spin-orbit
coupling. This model assumes the electrons to be in a quantum equilibrium state
in the form of a Maxwellian operator. We present two space-time discretizations
of the model which also comprise the Poisson equation. In a first step pure time
discretization is applied in order to prove the well-posedness of the two schemes,
both of which are based on a functional formalism to treat the non-local relations
between spin densities via the chemical potentials. We then use fully space-time
discrete schemes to simulate the dynamics in a typical transistor geometry. Finite
difference approximations applied in these schemes are first order in time and second
order in space. The discrete functionals introduced are minimized with the help of a
conjugate gradient-based algorithm in which the Newton method is applied to find

the desired line minima.

Keywords. Spintronics, spin-transfer torque, Landau-Lifshitz equation, spin-
diffusion, spin-coherent transport, Strang operator splitting, Wigner transform, semi-
classical limit, matriz-Boltzmann equation, spin-polarized electron conduction, ma-
triz collision operator, maximum principle, diffusion limit, matriz drift-diffusion,
composite quantum systems, Lindblad equation, non-Markovian quantum dynamics,
Rashba spin-orbit coupling, maximum entropy principle, finite difference, conjugate

gradient method.



RESUME

L’objectif de cette these est de contribuer a la compréhension des phénomenes de
mouvement de I’électron induits par le spin. Ces phénomenes aparaissent lorsqu’un
électron se déplace a travers un environnement (partiellement) magnétique, de telle
sorte que son moment magnétique (spin) peut interagir avec ’environnement. La na-
ture quantique pure du spin nécessite des modeles de transport qui traitent des effets
comme la cohérence quantique, 'intrication (corrélation) et la dissipation quantique.
Sur le niveau méso- et macroscopique, il n’est pas encore clair dans quelles circon-
stances ces effets quantiques du spin peut transpirer. Le but de ce travail est, d’une
part, de dériver des nouveaux modeles de transport de spin a partir des principes
de base et, d’autre part, de développer des algorithmes numériques qui permettent

de trouver une solution de ces modeles.

Cette these se compose de quatre parties. La premiere partie introductive con-
tient un apercu des concepts fondamentaux liés au transport polarisé en spin, tels
que la magnéto-résistance géante (GMR), le couple de transfert de spin dans les
multi-couches magnétiques et le caractere matriciel des équations de transport qui
prennent en compte la cohérence de spin. L’accent est mis sur la modélisation
du couple de transfert de spin, qui représente l'intersection de ces concepts. En
particulier, nous considérons pour sa description le modele diffusif de Zhang-Levy-
Fert (ZLF) qui se compose de 'équation de Landau-Lifshitz et d’une équation de
diffusion matricielle pour le spin. Un schéma de différences finies est développé
pour résoudre numériquement ce systéme non-linéaire dans des structures multi-
couches. Le modele est testé par comparaison des résultats obtenus aux données

expérimentales récentes.

Les parties deux et trois forment le noyau thématique de cette these. Dans la
deuxieme partie nous proposons une équation de Boltzmann matricielle qui permet
la description de la cohérence de spin sur le niveau cinétique. La nouveauté est un
opérateur de collision dans lequel les taux de transition de la quantité de mouvement
sont modélisés par une matrice 2 X 2 hermitienne; par conséquent, les libre parcours
moyens des électrons spin-up et spin-down sont représentés par les valeurs propres

de cette matrice de scattering. Apres une dérivation formelle de I’équation de Vlasov
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matricielle a partir de I’équation de Wigner, I’équation cinétique qui suit est étudiée
en ce qui concerne l'existence, I'unicité et la positivé d’une solution. En outre, le
nouveau opérateur de collision est étudié rigoureusement et la limite de diffusion
T. — 0, correspondant a ’annulation de la moyenne de temps de scattering, est
effectué. Les équations de drift-diffusion matricielle qui sont obtenues représentent
une amélioration par rapport au modele traité dans la premiere partie. Ce dernier
est obtenu dans la limite ou la différence entre les deux valeurs propres de la matrice
de scattering va disparaitre.

La troisieme partie est consacrée a l'obtention de 'opérateur de collision ma-
tricielle introduit auparavant, a partir des principes quantiques. Pour cela, nous
augmentons ’équation de von Neumann d’un systeme composite par un terme dis-
sipatif qui fait tendre 'opérateur de densité totale vers I'approximation de Born.
En vertu de la prémisse que la relaxation est le processus dominant, on obtient
une hiérarchie d’équations non-Markoviennes. Celles-ci découlent d’une expansion
de l'opérateur de densité en termes de 7., le temps de relaxation. Dans la limite
de Born-Markov, 7. — 0, ’équation de Lindblad est récupérée. Elle a la méme
structure que I'opérateur de collision proposé dans la deuxieme partie. Cependant,
I’équation de Lindblad est encore une équation microscopique; donc la prochaine
étape serait de procéder a la limite semi-classique du résultat obtenu.

Dans la quatrieme partie nous procédons a une étude numérique d’un modele
quantique-diffusif de spin qui décrit le transport dans un gaz d’électrons bidimen-
sionnel avec un couplage spin-orbite de Rashba. Ce modele suppose que les électrons
sont dans un état d’équilibre quantique sous la forme d’un opérateur de Maxwell.
Nous présentons deux discrétisations espace-temps du modele couplé par 1’équation
de Poisson. Dans une premiere étape on applique une discrétisation en temps et
on montre que les systéemes sont bien définis. Ceux-ci sont basés sur un formalisme
fonctionnel pour traiter les relations non-locales entre les densités de spin. Nous
prouvons ensuite & des discrétisations espace-temps pour simuler la dynamique dans
une géométrie typique d’un transistor. Les approximations différences finies sont du
premier ordre en temps et du second ordre en espace. Les fonctionnelles discretes
sont minimisée a 1’aide d'un algorithme du gradient conjugué et la méthode de New-

ton est appliquée afin de trouver les minima dans la direction désirée.
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INTRODUCTORY OVERVIEW

In conventional nanoelectronics the charge and the magnetic moment (spin) of elec-
trons are used for different purposes; logical operations and fast (volatile) memory
elements are implemented via the control of charge transport by means of electric
fields, for instance in diodes, transistors or capacitors, whereas the magnetic proper-
ties are used mainly for the purpose of non-volatile, long-term data storage in hard
disk drives. The miniaturization of these devices is gradually reaching its physical
boundaries and, thus, considerable effort is put into the search for novel device con-
cepts. A promising approach is the combined usage of the electron’s charge- and
spin-degree of freedom in so-called spintronics applications [1, 2, 3]. In these devices
one uses either an electric field to control magnetic properties or a magnetic field
to control the properties of charge transport. This thesis is devoted to the model-
ing and the numerical simulation of some of the interesting phenomena arising in
spintronics applications. The emphasis is on the meso- and the macroscopic level of
description, which appears to be well suited for performing device-related numerical
studies. The goal is, on the one hand, to improve some of the state-of-the-art spin-
transport models and, on the other hand, to provide numerical data that enable a
sophisticated interpretation of recent experimental findings. The thesis consists of
four separate parts which are loosely related. These parts are sorted in chronological

order of their making and they are concerned with the following topics:

Part I: The first chapter of this part can be viewed as an introduction to
the field of spintronics. We revisit the basic ideas of spin-polarized electron con-
duction in the transition-metal ferromagnets Fe, Ni and Co, of the Giant-Magneto-
Resistance (GMR) effect and of the non-equilibrium spin accumulation at a non-
magnetic/ferromagnetic interface that is traversed by an electronic current. In
Chapter 2 we treat numerically the Zhang-Levy-Fert (ZLF) model [4] to describe
the spin-transfer torque and the ensuing magnetization dynamics in magnetic multi-
layers under high current densities. For this, we solve self-consistently the following
non-linear system of equations for the magnetization m : R x Rt — S? and the spin

accumulation §: R x RT — R3:

15
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Figure 1: Simulated magnetization dynamics in the thin ferromagnetic layer of a spin-
valve (trilayer system) with intial condition m(z,0) = (0,0, 1) in the respective domain.
Due to the spin-transfer torque exerted by the spin accumulation §, the magnetization
switches to the steady-state m(z,o00) = (0,0, —1).

Oy = —ypom X Hepp + i X Oy, 0,5 § 1,

I

S

>

Wy

|
S| oy

|

h

where 7 is the gyromagnetic ratio, py stands for the magnetic constant, o denotes
the damping parameter, H, 7y is the effective field, D the diffusion constant, A stands
for the Laplacian, 7 is the spin-flip scattering time and J., denotes the sd-exchange
constant. The effective field ﬁeff depends on m (and spatial derivatives thereof)
and §'in a local manner. The equation for m is the Landau-Lifshitz-Gilbert equation
(LLGE) and the equation for § is called the spin-diffusion equation (SDE). Initial
and boundary conditions are chosen to model the spin-transfer torque, which arises
due to the exchange coupling of strength J.,, in a trilayer system, where a non-
magnetic metallic spacer is sandwiched between a thick and a thin ferromagnet.
The algorithm is based on Strang operator splitting to treat the different time scales
and the strong non-linearities in the LLGE. A typical simulation result is depicted in

Fig. 1. It shows the time evolution of the magnetization in the thin ferromagnetic
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layer with the initial condition m(x,0) = (0,0,1) in the respective domain. It
can can be seen that the magnetization switches in the course of time, ending its
motion in the steady-state m(x,00) = (0,0, —1). The developed algorithm is used
to reproduce and interpret recent experimental data by Krivorotov et al. [5]. It is
shown that the ZLF model is appropriately suited for describing the spin-transfer
torque in spin-valves. However, it is a simple model that has its limitations for
higher current densities (i.e. if the modulus of § becomes large) and it does not
describe each interface in the multilayer structure on an equal footing. Hence, it is
the aim of the second part of this thesis to find a more sophisticated macroscopic

model for describing the dynamics of the spin accumulation §.

Part II: In Chapter 3 we give an introduction to the Wigner-Weyl calculus for
matrix valued operator symbols in the phase space [6]. In the semi-classical scaling
the Weyl correspondence between the state operator p in an electron’s Hilbert space

and its symbol w in the phase space is given component-wise by

[poli(x) = & Y dy | d§w; (x——HJ,&f) ¢.(y)ei(w*y)-£7
;/ / T\ 2 7

which defines the mapping Op : w + p and its inverse Op~'(p) = w. Here, ¢ is
a vector-valued one-electron wavefunction with n components, € denotes the semi-
classical parameter and ¢ stands for the scaled momentum variable. Denoting the
Moyal product [7] of a Hermitian operator A in the electron Hilbert space with the
state operator p by Op.'(Ap) = a#.w'®, an expansion in orders of ¢ (formally)
results in

a#w'® = aw® + ig{a, W} (e + O(?),

where {a, w(e)}(x@ stands for the Poisson bracket in the phase space RZ x R? and a is
the symbol corresponding to A. The Moyal product enables us to perform the semi-
classical limit in the von Neumann equation for a single electron with spin. Under
the premise that the matrix-valued spin part h, of the symbol h of the Hamilton

operator scales with order ¢, i.e.
h(z,€) = he(w, ) 1o + cha(w,€)  V(@,€) € Ry x R,

where h. denotes the scalar charge part of h, in the semi-classical limit € — 0 one
obtains the matrix-Vlasov equation [8]. In Chapter 4 the latter appears as the left-

hand-side of the proposed matrix-Boltzmann equation, which is a kinetic equation
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for spin-coherent electron transport:

—

1
OF ) + = (Vehe Vo F©) = Vyhe - VeF ) [P B

o]
1
— _angl(F(a)) + st(F(a)) )

Here, F(® = w©® stands for the Hermitian 2 x 2 distribution matrix describing
the spin-coherent electron(s) and we set hy = h - & for the spin part of h, where &
denotes the vector of the Pauli matrices. Moreover, we introduced the scaled mean
scattering time o? < 1 and the two collision operators Qg and Q. The latter
describes scattering events that flip the electron’s spin and, thus, relax the matrix

F(®) towards a scalar distribution function (o stands for the 2 x 2 unit matrix),
@) .— Ly (p@ (@)
Qup(F1Y) = St (F') oo — F').

The operator ), accounts for spin-polarized momentum scattering; it is the true
novelty in the present kinetic model. The subscripts g and [ stand for “gain” and

“loss”, respectively,

Qu(F) = Qf (F) =@ (F)  g,1€{1,2},

where we propose two different structures for the gain and the loss term, respectively:
1 1
1+(F(Oz)) — / (§S’F(Q)(x, 5/) + §F(a)<x’ 5/)5/) de’,
Rd
2+(F(oz)) — / S/1/2F(a)(l‘,£,)sll/2df/,
1
Qr (F®) i= SAF®(2,€) + S F(a, §)A,

@ (F)i= [ SFOa0)5g

Rg,
Here, A = [ Sd¢’ and the eigenvalues of the Hermitian 2 x 2 scattering matrix S
account for the two different scattering probabilities (transition rates) of spin-up
and spin-down electrons, thus modeling spin-polarized electron resistances. The
matrix-Boltzmann equation is investigated regarding the existence, uniqueness and
positivity of a solution F(* on the domain [0,7] x R x R¢. Furthermore, the

Diffusion limit o — 0 is performed in case that ();; = Q22 and for a scattering
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matrix of the form
S(t,x,&,&) =s(t,x,&,&)P(t, ), P(t,z) = oo + p(t, x)ﬁ(t, x)- 7,

where s € RT denotes the mean scattering rate! from £ to & at (t,2) and P denotes
the polarization matriz which does not depend on £ and £’. The spin-polarization
of the scattering rates is reflected by the polarization parameter 0 < p(t,z) < 1.
In the limit « — 0 we obtain a new matrix-drift-diffusion model for spin-polarized,
spin-coherent electron transport. This model features a novel coupling between the
charge- and the spin-degree of freedom of a single electron. Numerical simulations
show that this coupling could indeed be exploited in future spintronics applications.
The new model represents an improvement over the heuristic ZLF model treated in
Part I, since it inherently describes the creation of non-equilibrium spin accumula-
tion at each interface of a multilayer structure on an equal footing (this process is

described in detail in the introductive Chapter 1).

Part III: This part is concerned with the theory of open quantum systems [9].
It is the aim to derive, from first principles, the spin-coherent collision operators Q)
proposed in Part II. For this, we consider a composite quantum system with the
Hilbert space H = H ® Hp, where A and B denote the two subsystems. The most

general Hamiltonian of this system reads
H=H,1+1,® Hg+ Hy,

where the operator subscript A(B) indicates an operator acting in Ha (Hp), 14 (1)
denotes the respective identity and the operator H; accounts for the interactions
between A and B. The approach is to trace over the degrees of freedom B in the
dynamics of the composite system AB. The interaction Hamiltonian H; should then
lead to dissipative dynamics of the reduced state operator ps := trp (p). Here, p
denotes the state operator of the composite system and trp () stands for the trace
over the degrees of freedom B. We start from a von Neumann equation that has

been augmented by a relaxation operator,

. 1
Op = —i[H, p|] + — (trp (p) ® x5 — p) ,
where xp is a predefined, time-independent state operator in Hp, hence trg (x5) =
1. The dissipative term added to the von Neumann equation relaxes the state
operator p of the composite system towards the Born approximation trg (p) ® xp

on a timescale 7. Our main result is that under the premise that this relaxation

!The mean value is taken with respect to spin-up and spin-down scattering rates.
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is the dominant process and that, furthermore, the interaction between A and B is

strong, in the limit 7. — 0 one obtains the Lindblad master equation [10],
0l = =ila, o) — trp ([Hy, [Hr, 6 @ x5]])
Here, we introduced the mean-field-corrected operators

ﬁIZ:H[—H‘Tf(@]lB,
-EIA ::HA+H2nf7

where the mean-field operator Hzlf in H 4 is defined by
HZLf = tI’B (HIXB> .

The Lindblad equation is a Markovian (local in time) master equation. The second
term on its right-hand side has the same matrix product structure as the collision
operator ()o;. However, the Lindblad equation is still a microscopic equation. It is
thus the purpose of a forthcoming work to regard its semi-classical limit. For this
one could apply the scaled Wigner-Weyl calculus presented in Chapter 3. In this
work, we derive non-Markovian corrections to the Lindblad master equation in the
case that 7, is small bot not zero. Denoting the scaled relaxation time by a < 1,
the state operator in subsystem A is written as py = pff) + ong), where first-order

correction satisfies
atpfql) = _i[ﬁAa :0541)] - trB <[HI7 [ﬁla pS) ® XBH) + Sl )
which features the local source term

Sl = — tI‘B (2[1{[[, pg)) & [HB> XB])

+trp (i[ﬁ], [ﬁ[[; [ﬁla PEL?) ® XB]H) :

Higher-order corrections are derived as-well, which permit the systematic treatment

of non-Markovian quantum dynamics in a perturbative manner.

Part IV: The last part of this thesis contains the numerical treatment of
a quantum-diffusive spin model, which was developed in [11] on the basis of the
maximum entropy principle [12, 13]. This model describes the time evolution of
the spin densities n; and ns of a two-dimensional electron gas subjected to Rashba

spin-orbit coupling in the case that the state operator p is a quantum Maxwellian,
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p = et at all times. The basic equations to be solved for ny (¢, z) and ny(t, z) read

8tn1 + V . (n1V(A1 — ‘/;))"‘
+ a(A; — Az) Re(Dngy) — 2a Re(na D(Ay — Vi))—
2
— ?O‘(A1 — ) Tm(JZ, —iJY) =0,
Ong + V- (noV(Ay — Vi))+

—+ a(Al — AQ) Re(Dn21) + 2« Re(nzﬂ)(Al — ‘/8))“—

2
+ (A= A) Tm(J5, — i) = 0,

where V denotes the self-consistent potential due to the electron-electron interac-

tion, computet from the Poisson equation,
_’VQA‘/S =" + na,

and «, € and v are scaled natural constants. In the present model, a non-local
coupling between n; and ny arises from the chemical potential A = (A, Ay), which
consists of the Lagrange multipliers A; and A used in the entropy maximization.
Hence the closure of the above system is ensured by the equilibrium expression for

the density matrix ¢ and the current matrix J,

_Ze_/\l |@/)zl|2 ¢ll¢_z2 _ ( ny N2 )

4 o e ) |

JoE oIV = Vol Givel = oive :< B T )
29 VIV — GRVYL PR — VYR Ja o

no1 N2

The wavefunctions ¥}, ¥? € H? and the numbers )\; € R are the components of eigen-
functions ¢, € (H?)? and the eigenvalues, respectively, of the system Hamiltonian
H(A) in (H?)?,

H(A)pi(A) = M(A)(4),

given by
H(A) = <—%A+vm,1+Al e20/(0, — i) ) |

—&2a(0, +1i0,)  —5 A+ Vo + Ay

The numerical solution of the present quantum-diffusive model is accomplished by
means of a functional formalism similar to the one which is well-established in the
spin-less case [14]. We investigate two different approaches, one that advances in

time the chemical potentials and another that advances the spin densities. The



former leads to a more implicit scheme and, thus, to a better numerical stability.

The used functionals depend on A; and A, (as well as on V; in one case). They are

shown to be convex and to have a unique minimum, solution of the above system.

The developed finite difference algorithm is then applied to simulate the steady-state

spin distribution in a typical transistor geometry.

REFERENCES

1]

2]

[9]

I. Zutic, J. Fabian, and Das Sarma S. Spintronics: Fundamentals and applica-
tions. Rev. Mod. Phys., 76(2):323-410, 2004.

G.A. Prinz. Magnetoelectronics applications. J. Magn. Magn. Mater., 200:57—
68, 1999.

Chappert C., A. Fert, and F.N. Van Dau. The emergence of spin electronics in
data storage. Nature Mat., 6:813-823, 2007.

S. Zhang, P.M. Levy, and A. Fert. Mechanisms of spin-polarized current-driven
magnetization switching. Phys. Rev. Lett., 88(23):236601-1, 2002.

LLN. Krivorotov, N.C. Emley, J.C. Sankey, S.I. Kiselev, D.C. Ralph, and R.A.
Buhrman. Time-domain measurements of nanomagnet dynamics driven by spin-
transfer torques. Science, 307:228, 2005.

L. Hormander. The analysis of linear partial differential operators, vol. 3.
pseudo-differential operators, volume 274 of grundlehren der mathematischen

wissenschaften, 1985.

C. Zachos, D. Fairlie, and T. Curtright. Quantum mechanics in phase space:

an overview with selected papers, volume 34. World Scientific Pub Co Inc, 2005.

R. El Hajj. Etude mathématique et numi'g%m’que de modeles de transport: ap-
plication a la spintronique. PhD thesis, Institut de Mathématiques de Toulouse
(IMT), Université Paul Sabatier, 2008.

H.P. Breuer and F. Petruccione. The theory of open quantum systems, vol-
ume 28. Oxford University Press Oxford, 2002.

22



REFERENCES 23

[10] G. Lindblad. On the generators of quantum dynamical semigroups. Communi-
cations in Mathematical Physics, 48(2):119-130, 1976.

[11] L. Barletti and F. Méhats. Quantum drift-diffusion modeling of spin transport
in nanostructures. Journal of Mathematical Physics, 51:053304, 2010.

[12] P. Degond and C. Ringhofer. Quantum moment hydrodynamics and the entropy
principle. Journal of statistical physics, 112(3):587-628, 2003.

[13] P. Degond, F. Méhats, and C. Ringhofer. Quantum energy-transport and drift-
diffusion models. Journal of statistical physics, 118(3):625-667, 2005.

[14] S. Gallego and F. Méhats. Entropic discretization of a quantum drift-diffusion
model. STAM journal on numerical analysis, pages 1828-1849, 2006.






Part 1

Spin-Transfer Torques in

Magnetic Multilayers

25






Chapter 1

SPIN-INDUCED PHENOMENA IN METAL-
LIC MAGNETIC MULTILAYERS UNDER
CURRENT

Overview. We summarize the basic physical concepts of spin-polarized electron
conduction in the transition-metal ferromagnets Fe, Ni and Co, of the giant magneto-
resistance (GMR) effect and of the non-equilibrium spin accumulation at a non-
magnetic/ferromagnetic interface that is traversed by an electronic current. These
very basics of the emerging field of spintronics will reappear throughout this thesis.
Furthermore, we review the dissipative character of the Landau-Lifshitz equation and
estimate the length scales occurring in the spin-diffusion equation in the transition
metal ferromagnets. As a next step the notion of spin-coherence is discussed in
detail on the quantum mechanical level. It is shown that only spin-coherent states
can contribute to the spin-transfer torque in metallic magnetic multilayers. In the
last chapter we present numerical, self-consistent solutions of the Landau-Lifshitz
equation and the spin diffusion equation in multilayer structures. The simulated
power spectra of the magnetic precessional states in thin ferromagnetic layers of spin-

valves are compared to recent experiments and a satisfactory agreement is found.

27
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1.1 Basic physical concepts

In 1935 Sir N.F. Mott predicted on the basis of quantum mechanical calculations
that the conductivity in the transition metal ferromagnets Fe, Ni and Co is different
for electrons whose magnetic moment is aligned with the magnetization (majority
electrons)! and for electrons with anti-parallel magnetic moments (minority elec-
trons) [1]. Experimental evidence of this spin-polarized electron conduction in the
transition metal ferromagnets and in alloys thereof was found roughly 30 years later
2, 3]. As argued by Mott, the reason for this effect lies in the shifted band structure
of majority and minority electrons, respectively, depicted in Fig. 1.1i for Co. The
shift, or the spin-splitting, arises from the exchange interaction which favors parallel
alignment of spins in partially filled atomic shells; an effect that may carry over to
the band structure of crystals. In Fe, Ni and Co the narrow 3d band features a
large exchange splitting and moreover crosses the Fermi energy only for the minor-
ity electrons [4, 5, 6]; it is thus responsible for the ferromagnetic character. On the
other hand, the transport in these materials is dominated by the delocalized elec-
trons in the much wider 4s band, which has a comparably small exchange splitting
and crosses the Fermi energy for both spin species. Nevertheless, the conductivity is
spin-polarized, because the main transition induced by scattering is 4s to 3d. Since
for minority electrons the density of states (DOS) of 3d electrons near the Fermi
energy is much larger than for majority electrons, such a transition is much more
likely for minority electrons (Fermi’s Golden rule). Moreover, in the case that spin-
flip scattering is negligible, the electron conduction can be viewed as a process that
happens in two parallel channels with different resistances, one for majority and one

for minority electrons, respectively [7].

It was not until the late 80’s that the two-current conduction in transition metal
ferromagnets would lead to a major advancement in the storage technology, when A.
Fert and P. Griinberg independently discovered the giant magneto-resistance (GMR)
effect in multilayer structures [8, 9]. Their underlying idea is sketched in Fig. 1.1ii.
A non-magnetic spacer layer is sandwiched between two ferromagnetic layers with
resistances 24 for majority electrons and R| for minority electrons, respectively, and
Ry < R,. The magnetization of one of the ferromagnetic layers can be switched by
means of an applied magnetic field. According to the two-current model, the total

resistance in this structure is different for the parallel (P) and anti-parallel (AP)

'We remark that the spin of majority electrons is anti-parallel to the magnetization, since it is
of opposite sign than the electron’s magnetic moment.
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configuration of the magnetizations:

2R¢R¢ Rup — RT + R¢ ‘

= 1.1.1
R¢—|—R¢’ 2 ( )

P
Hence for the parallel alignment, majority electrons have a low resistance path
through the multilayer, whereas in the AP configuration the role of the electrons

changes in each layer and such a path is absent. From Eq. (1.1.1) we obtain

AR  Rap—Rp (Ry—R))?
Rp Rp 4RiR,

>0 (1.1.2)

for the relative change in resistance. The value of this relative change is usually
around 5% for a trilayer, but can be enhanced up to around 100% or higher for
multilayers consisting of a high number of periods, hence the name GMR. It is the
basic concept for a memory unit (“bit”) in state-of-the-art hard disk drives, which
is why its discoverers were granted the Nobel prize for Physics in 2007 [10, 11].
The spin-transfer torques (STTs) considered here are an approach towards a further
development of this technology with the aim to eliminate the magnetic field from the
switching process, which may lead to a considerable gain in areal memory density

because of the redundancy of the magnetic write head [12, 13].

In order to understand the mechanism of STTs we need to elaborate on the
effect of spin accumulation at the interface between a ferromagnet (F') and a non-
magnet (N M) when a current flows through this interface. The situation is sketched
in Fig. 1.1iii. Due to the spin-polarization of the resistivity in the F-layer the
current densities jy, and jiown of majority and minority electrons are very different
in the F-layer far away from the interface. In the N M layer, however, these current
densities are equal away from the interface. Hence, there is an interfacial region
where the spin-polarization of the current is gradually destroyed. We point out that
this polarization arises solely from the spin-polarized scattering probabilities in the
F-layer and not (!) from a difference in spin densities, since the 4s band responsible
for the current has a minor spin splitting. Thus, in order to accommodate the spin
polarization of the current in the NM-layer in the vicinity of the interface, the
density of spin-up electrons must be augmented. This is pictured by a difference in
the respective Fermi energy of spin-up and spin-down electrons, respectively. The
length over which such a non-equilibrium polarization of the spin densities, called
spin accumulation, is present around the interface is denoted as the spin diffusion
length Ls¢. It may be far larger than the usual mean free path, reaching more
than 200 nm in some materials. We remark that the matrix-drift-diffusion model

derived in Chapter 4 is well-suited for describing spin accumulation in non-collinear
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(i) The electronic band structure and density
of states (DOS) of a) non-magnetic Cu, b) the
majority electrons in fcc Co, (c¢) the minor-
ity electrons in fcc Co. The large exchange
splitting between Co-majority electrons and Co-
minority electrons results in a considerable shift
of the respective density of states, which has
two main consequences: ferromagnetism and en-
hanced scattering probability for minority elec-
trons near the Fermi level. (Picture reprinted
from [11].)
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Figure 1.1: Important properties of spin-polarized electron transport in transition
metal ferromagnets: (i) band structures, (ii) the GMR~effect and (iii) spin accumu-
lation at ferromagnetic/non-magnetic interfaces.
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magnetic multilayers, see for instance the Figs. 4.1, 4.2 and 4.3.

We shall now introduce the concepts of the STT effect in spin-valves. A spin-
valve basically consists of a thick F-layer (the “polarizing” or fixed layer), a thin
non-magnetic metal spacer and a thin F-layer (free layer). Both F-layers are con-
tacted by electrodes in order to pass a current through the structure which induces
magnetization dynamics in the free magnetic layer. Two common experimental
realizations of spin-valves, namely the point-contact geometry and the nanopillar
geometry, are depicted in Fig. 1.2i. The magnetization dynamics in the free layer
originate from a direct transfer of angular momentum from the spin-polarized current
to the magnetic moments of the 3d electrons in the thin layer [14, 15]. In particular,
electrons that enter the polarizing layer will quickly align their magnetic moments
with the magnetization of that layer and subsequently travel to the free layer. The
non-magnetic spacer layer is much thinner than the corresponding spin-diffusion
length. Hence, a considerable spin accumulation in the direction of the polarizing
layer will be present at the interface to the thin magnetic layer. In case that the
magnetizations in the two magnetic layers are neither parallel nor anti-parallel, the
perpendicular component of the angular momentum of the spin accumulation will
exert a torque on the magnetic moments in the free layer, resulting in magnetic
precession or even the switching of the magnetic direction. The mechanism along
with the usual device dimensions and the applied fields is sketched in Fig. 1.2ii.
Once the perpendicular component of the spin-angular momentum has decayed in
the thin layer, the conservation of angular momentum implies a total transfer of
this non-equilibrium spin to the thin layer, which is the origin of the magnetization
dynamics. The corresponding length scale of the decay is 1-4 nm, hence the STT
can be considered as an interface effect [16, 17, 4].

What makes the STT effect interesting is the possibility to switch between the P
state (logical '17) and the AP (logical '0’) state in a memory unit solely by passing
a current through it, thereby eliminating the necessity of a magnetic write head.
There have been many successful experiments confirming magnetic switching and
magnetic precession in spin-valves under current [18, 19, 20, 21, 22, 23, 24]. However,
the needed current densities are still too high and the device dimensions too large
for industrial application. We shall briefly comment on the results of the insightful
experiments conducted by Krivorotov et al. [22], who were the first to perform time-
resolved measurements of the STT-induced magnetization dynamics. They used the
nanopillar geometry with permalloy NiggFeyy as ferromagnets and Cu as the spacer
layer. Figure 1.2iii shows the voltage drop over the device as a function of time for
different magnitudes of applied currents I,,. This voltage drop is due to the GMR

resistance, which varies as a function of the angle between the two magnetization
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directions in the trilayer and has a maximum modulus for the AP configuration. In
Fig. 1.2iii A)-C) it is transparent that the device switches from the AP alignment
to the P alignment within a switching time 7¢ that depends on I,. Moreover, the
switching is accompanied by oscillatory signals, which confirm a magnetic precession
during the process. Figure 1.2iii D) shows numerical simulations of the Landau-
Lifshitz equation (see the next section) which seem to fit quite well the experimental
observations. The STT effect also plays a major role in the understanding of the
current-induced domain wall motion, which is a growing topic of ongoing research
[25, 26, 27, 28]. The matrix-drift-diffusion model developed in Chapter 4, as well
as the algorithm presented in Chapter 2, enable a new route to investigate these

phenomena from a numerical point of view.

1.2 A diffusive exchange-torque model for current-

induced magnetization dynamics

In general, the treatment of dynamical processes in transition metal ferromagnets
is quite involved due to the sp-hybridization of the transport band and due to the
itinerant nature of the semi-localized electrons in the 3d band. When a voltage is
applied, a first simplifying assumption is often that the electric current originates
solely from the 4s electrons, while the magnetization is constituted by the local mo-
ments of the 3d electrons. This approach is called the sd-model. In what follows we
shall review a version of the sd-model proposed by Zhang et al. [29] which describes
the spin dynamics in ferromagnets under current at the macroscopic (diffusive) level.
Let Q C R? stand for the regular domain representing the (multilayer) device, where
d is the dimension of the position space, and let S? denote the unit sphere in R3.
We search for the unknowns m : Q x R* — S2%, which is the local magnetization
due to the 3d electrons, and 5 : Q x Rt — R3, which is the spin accumulation due
to the 4s electrons. These quantities are determined from the following system of
equations:
(O = o x Hepp + anth x Oyt
m(z,0) = mo(z),

(1.2.1)

| 52, 0) = So(z).

Here, 7o = v, where 7 is the gyromagnetic ratio and pg stands for the magnetic
constant, @ > 0 denotes the damping parameter, D stands for the spin diffusion

constant, 7 is the spin-flip time, J., denotes the exchange constant, & is the Planck
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(iii) Time-resolved magnetic precession and switching in nanopillar
spin-valves for different applied current densities I,,. The voltage drop
over the device depends on the angle between the magnetizations of the
two F-layers (GMR resistance), which allows to infer to the magnetic
dynamics. A)-C) show experimental results while D) shows a signal
simulated with a Landau-Lifshitz equation-based STT model. (Data

reprinted from [22].)
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Figure 1.2: Current-induced magnetization dynamics in spin-valves: (i) experimen-
tal device geometries, (ii) basic principle of the STT-effect and magnitudes of the
applied fields, (iii) experimental evidence of magnetic switching.
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constant divided by 27 and mg and Sy denote the initial conditions. Furthermore,
the effective field ﬁef 7 Q2 x RY — R3 is given by

Hoppi=—
r1 qu

5E (1) (6) (1.2.2)

where M, stands for the saturation magnetization, £(m) denotes the energy func-
tional corresponding to the magnetization and we define the functional derivative

as

5 (1) (677) = lim ST T £0m) — E()

e—0 g

(1.2.3)

for some variation 67 (z,t) which vanishes at the boundary 92 of the domain (.

Usually, the energy functional £ consists of five contributions [17],
E=6E+E+E+E+E, (1.2.4)

given by the energy due to an externally applied magnetic field,
&= —,qus/m Happ dz (1.2.5)
Q
the magnetocrystalline and shape anisotropy energies,

M2
E = —Ku/(ﬁ-m)deJr “OTS/(w-mfdx, (1.2.6)
Q Q

where K, is the anisotropy constant and i, € S? denote the magnetic easy axis
and the normal to the magnetic easy plane?, respectively; furthermore, the micro-

magnetic exchange energy,

E3 = Aw/ > (g, - Oy,1ih) da (1.2.7)

where A., stands for the exchange constant; the magnetostatic dipole-dipole inter-
action energy (only for d = 3),

- OMZ// @) 2o —m@el g (1.2.8)

2The magnetic easy axis is a preferred axis for the magnetization arising from crystalline
anisotropy; the magnetic easy plane is a preferred plane for the magnetization arising from the
shape anisotropy, e.g. if the device has the shape of a thin disc.
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and finally the exchange energy due to the interaction with the spin accumulation,
Es = —Jex / m-Sdx, (1.2.9)
Q

where J,, stands for the characteristic exchange energy between 4s and 3d electrons.

It is now straightforward to compute the effective field from (1.2.2),

H.rp =Hupp + —— (U@ - m)u — My( - m)w + Am
ILLOMS /’LOMS (1 9 10)
M, [ 3(m(z)) - x)x — m(z’)|z|? '+ Jez o
4m Q |ZL’|5 NOMS

The values of the natural constants and the material parameters appearing in Eqs.
(1.2.1) and (1.2.10) are given in Table 1.1 and Table 1.2, respectively. In (1.2.1) the
first equation is the Landau-Lifshitz-Gilbert equation (LLGE) for 7 and the second
equation is the spin-diffusion equation (SDE) for 3. These equations are coupled
through the exchange terms whose strength is determined by J., (appearing in
(1.2.10) in the LLGE). In Chapter 2 we develop a numerical algorithm that enables
the self-consistent solution of Egs. (1.2.1) in one space dimension (d = 1, thus
neglecting the dipole-dipole interaction (1.2.8)). The strong non-linearity of the
LLGE as well as the different timescales of the dynamics for m and § make the

numerical treatment a challenging task.

The Landau-Lifshitz equation derived from the LLGE and damping

We shall show that the LLGE in (1.2.1) is dissipative due to the second (damping)
term on the right-hand-side. Employing the short notation §€ = 0&(m)(0mi), we

start from

> Yoo - -
Oy = X 0E X 0, 1.2.11
1 NoMsm + am x Oy ( )

and take the vector product with m which results in

X Oy, = -0E) — 0E -0 — a0, . (1.2.12
m Rip) M0M3m<m ) ol |m|” + am(m - Oym) — admi |m|” . ( )

We now perform the scalar multiplication of (1.2.12) with 0,7 and subsequently we

apply the relations 1 - 9;m = 0 and |7ﬁ|2 =1 to obtain

1
/*’LOMS

5E - Ot = —— |9um|? . (1.2.13)
Yo
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From Egs. (1.2.4) to (1.2.10) we deduce that

1
€ = /55-877_”2(&. 1.2.14
' toMs Jo ' ( )

Hence the integration over 2 in Eq. (1.2.13) makes the dissipation of energy in the

course of time,

@5:~3/Wﬁﬁmgo, (1.2.15)
Yo Ja

transparent. We shall furthermore derive from (1.2.1) a form of the LLGE that is

explicit in the time derivative 9,m. Starting from
Oym = —yom X Hepy + anih x Oy, (1.2.16)
and performing the vector product of this equation with m leads to

m X Oyt = —omt X (11 X Hepyp) + amt X (11 X Opiit) (1.2.17)

=~ X (1 X Hepp) + am(m - Opm) — adyii [m]* .

Applying the relations m - ym = 0 and |71|* = 1 and inserting Eq. (1.2.16) into the
left-hand-side of (1.2.17) results in
S R 3 a7

m=— m X Hopp —
t 1+ a2 1 F a2

M X (7 X Hepp) (1.2.18)

which is known as the Landau-Lifshitz equation (LLE). Both the LLGE and the LLE
describe the dynamics of the magnetization on an equal footing. However, it might
be desirable from a numerical point of view to discretize Eq. (1.2.18) rather than

Eq. (1.2.16) in order to obtain a linear system of equations that is norm-conserving.

Table 1.1: Natural constants.

Symbol Value Name
h 1.05457163 x 1073* J-s reduced Planck constant
e 1.60217649 x 1071 C elementary charge
Lo 1.25663706 x 1075 N-A—2 magnetic constant
1B 9.27400915 x 10724 J.T-! Bohr magneton
Je -2.00231930 electron g-factor
v 1.76085978 x 10! rad-s~1.T—1 electron gyromagnetic ratio
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Table 1.2: Typical values of the saturation magnetization, the anisotropy constant,
the exchange constant and the damping parameter.

Ref. Material M, [Am™] K, [Jm™3] A, [Jm™] «

[4]  NigFey  8.0x10°  1.45x10*  1.0x10°'  0.01
[4] Co/CoFe  1.5x10° 1.3x1071*  0.006
28] NigoFeso ~ 8.0x10° 1.0x1071  0.02
30] NigoFeso ~ 8.0x10° 50x102 1.3x1071 0.1

Spin-coherent states, the SDE and its characteristic length scales

Let us make transparent the notion of spin coherence. In what follows we shall use
the notations from section 4.2. The spin of an electron is a quantum mechanical
degree of freedom with two possible realizations with respect to an arbitrarily cho-
sen quantization axis. For instance, at the point x in position space, let the local
magnetization m(x) in a ferromagnet define this axis. Consequently, when the spin
of a conduction electron is measured along m at point x, there are two possible
results: the spin is found to be either parallel or anti-parallel with respect to m.
However, the specific outcome of the experiment is not predetermined in the gen-
eral case; rather, there are probabilities related to each of the two possible results.
Indeed, these probabilities are given by the two eigenvalues of the diagonal element
o(z, ) € HY*(C) of the density matrix describing the electron. For simplicity, we

consider a pure state, the generalization to mixed states is straightforward:

oy [ @ (@) ()
oo) (m@c)%(x) (o) ) 1219

Here, 1y and 1| denote the spin-up and spin-down component, respectively, of the
spinor wave function ¢ € (L?)? associated to the spin-1/2 electron and written in

the basis defined by the local magnetization m:

b(z) = ( Zﬁ% ) . (1.2.20)

We want to remind of the normalization condition
[ (s @P + @) = 1. (1221)

A state (1.2.19) or (1.2.20), respectively, is spin-coherent with respect to m at point
x if both components ¢4(z) and ¢ (z) are non-zero and, thus, if the off-diagonal

elements of o(z,z) are non-zero. This means that the electron is neither entirely



38 CHAPTER 1. METALLIC MAGNETIC MULTILAYERS UNDER CURRENT

spin-up nor entirely spin-down; rather its state is a quantum superposition of these
two. On the other hand, for an incoherent state the matrix (1.2.19) is diagonal
and one of the two eigenvalues is zero®. Spin-coherent states play a crucial role
in the mechanism of spin-transfer torques; in fact, it is solely due to electrons in
spin-coherent states with respect to mi(z) that a torque is exerted on this local
magnetization. This can be deduced with the help of the relations (4.2.11) and
(4.2.12). We write the density matrix (1.2.19) as well as the system Hamiltonian at
point z, denoted by H € Hy(C), in the Pauli basis, thereby omitting the position

arguments for the sake of an easier notation:

JGI — —
0= 0000+ 07, H = hooo + 5 MO (1.2.22)
Using the textbook definition of the spin operator,
5 h
S = 56’, (1.2.23)

one obtains from Eq. (4.2.12) that the mean value § of the spin of the electron in

the state ¢ at position x is computed via
S(x) == tr (g(m, m)§> = ho(x,x). (1.2.24)

We are now interested in the dynamics of §'induced by the exchange coupling in the
Hamiltonian (1.2.22). Starting from the von Neumann equation, using the invariance
of the trace under cyclic permutation and, furthermore, applying the relations (4.2.3)

it is straightforward to arrive at

0| =i xS (1.2.25)

Thus, a torque is exchanged if §= (s1, s9, s3) has a component perpendicular to 1.
Indeed, this is the case solely for spin-coherent states. The crucial point is that, by
choosing m as the quantization axis, we made m the z-axis in spin space. Hence,
in Eq. (1.2.22) one has m = (0,0, 1). Therefore, no torque is exchanged if and only
if s; and sy are zero, which is the case if the matrix (1.2.19) is diagonal, thus for
incoherent states.

Let us elaborate briefly on the characteristic length scales of the spin-diffusion

equation. The SDE is given by

5 JEIE — —
2 §X . (1.2.26)
T

h

3In case of a mixed state both eigenvalues can be non-zero.
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This is a heuristic equation of motion for the spin accumulation generated at a non-
magnetic / ferromagnetic interface, as introduced in section 1.1 and sketched in Fig.
1.1iii. Its first term on the right-hand-side describes the diffusion from the interface
into the bulk. The second term accounts for spin-flip scattering and the third term
models the torque due the magnetization of a ferromagnet. The steady-state solution
of Eq. (1.2.26) satisfies

5 J@SC—» —
0:DA§—§— 5 . (1.2.27)

Assuming that m does not depend on z, we introduce the parallel and the perpendic-
ular component of the spin accumulation with respect to the constant magnetization
direction m:

—

S| ::§-ﬁz, S| =5 (gm)ﬁi (1.2.28)

In the steady state, these quantities obey

0=DAs — 2L (1.2.29)
T
o - §L Jea: - —
0= DAS, . 5L X ML (1.2.30)

From Eq (1.2.29) one obtains that the parallel component decays on the length scale
Asat = V1D, (1.2.31)

which is commonly referred to as the spin-diffusion length. Let (&;)?_, denote an
orthonormal basis in R? with €5 = m. Hence, the perpendicular component 5, can

be mapped into the complex plane,

§.=811€61+5126 = z=851+1512. (1.2.32)
For the vector product in Eq. (1.2.30) one obtains
€1 €y €3

gj_ X m = S1,1 S1,2 0 |= SJ_72€_‘1 — SJ_716_‘2 — —12. (1233)

Therefore, Eq. (1.2.30) can be written as

z J,
= DAz —Z +;Z= 1.2.34
0 z T+1hz, (1.2.34)

and one obtains the characteristic length scale of the decay of the perpendicular



component,
ThD

N =) ——F
+ \h — iJeyT]

(1.2.35)

According to [29], typical parameter values in cobalt are 7 ~ 1071?s, D ~ 103 m?s™!

and J.; =~ 0.2 eV. Thus, the length scales evaluate to
Asqt =~ 100 nm , Al ~5nm, (1.2.36)

which shows that the action of the spin-transfer torque is concentrated in the vicinity

of the non-magnetic / ferromagnetic interface.
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Chapter 2

SPIN-TRANSFER TORQUES:
SELF-CONSISTENT SOLUTION OF THE
SPIN-DIFFUSION EQUATION AND
THE LANDAU-LIFSHITZ EQUATION

S. Possanner and N. Ben Abdallah,
published as a proceeding to the 2010 International Conference on Simulation of
Semiconductor Processes and Devices (SISPAD), 6-8 Sept. 2010, p. 37

Abstract. We present a numerical scheme that allows for the self-consistent treat-
ment of the Landau-Lifshitz equation and the spin-diffusion equation in one space
dimension. The scheme is used to simulate magnetic precessions in ferromagnet /
normal-metal multilayers that are traversed by strong currents and results are com-
pared to recent experimental observations. The good qualitative and quantitative
agreement shows that the diffusive exchange-torque model proposed by Zhang et al.
[1] is a legitimate alternative to the ballistic interface-torque model commonly used

to describe magnetization dynamics in spin valves.
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2.1 Introduction

It has been shown that a current injected perpendicular to the planes of a ferro-
magnet / normal-metal multilayer can lead to dynamical magnetic states in thin
soft-magnetic layers [2, 3]. Depending on the magnitude of the currrent, precession
or complete reversal of the magnetization is observed. The underlying effect, often
called spin-transfer-torque (STT), has been predicted theoretically by Berger [4] and

Slonczewski [5] in 1996 and is the topic of ongoing research.

In a macroscopic continuum approach, the dynamics of the direction of magne-
tization in a ferromagnet (FM) of volume Q, mi(z,t) : Q x RT — S?  is determined
by the Landau-Lifshitz equation [6],

x (M x Hepp) (2.1.1)

where 7 is the gyromagnetic ratio, uo stands for the magnetic constant, o denotes
the damping parameter and ﬁef 7 is the effective field which is proportional to the
functional derivative of the free energy of the system with respect to m. For the
description of the STT in a thin magnetic layer of a FM /normal-metal (NM) multi-
layer structure (called spin-valve), usually one adds to (2.1.1) a torque-term of the

form
aﬂﬁ = ij X (’fﬁ X ﬁ’lp), (212)

where ¢; is proportional to the current-density traversing the structure perpendicular
to the layer planes and 7 r € S? is the magnetization direction of a polarizing thick
FM layer. Expression (2.1.2) is derived from ballistic transmission /reflection of spin-
coherent Fermi-surface-states at a NM/FM interface [5, 7]. The model (2.1.2) is well
established and has proven to be capable of explaining experimental observations,

at least qualitatively [8].

An alternative/complementary approach towards STT has been presented by
Zhang et. al [1], who assume that the exchange interaction between conduction
electrons and core electrons is responsible for the observed magnetization dynamics.
They state that one should treat self-consistently the evolution of the core mag-
netic moments, determined by (2.1.1), and the density of conduction-electron spins,

S(x,t) : Q x RY — R3, determined, for example, by a diffusion equation,

5 Je
-

S (2.1.3)

where D is the diffusion constant, A denotes the Laplacian, 7 stands for the spin-flip
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scattering time and J,, is the sd exchange constant. Naturally, due to the exchange
coupling J.., the spin density § appears in the free energy of ni and thus in the

effective field, which, in the one-dimensional case, we assume to be

Hepp = Hepp + —M(m W)U — My(m - 0)w+ (2.1.4)
HoiVls
2Aem Jex
+ Am + 5.
MOMS MOMS

Here, ﬁapp denotes the applied magnetic field, K, the anisotropy constant, M, the
saturation magnetization, A., the exchange constant, « stands for the direction of
the magnetic easy axis and i is the normal of the easy plane in thin FM layers (the

w-term is missing in thick layers).

Many experimental setups (e.g. in [3]) feature a 5-layer structure like Ny / Fp
/ N/ F / Ne, where Nej(2) denote NM-electrodes, Fp is a thick polarising FM
layer, N is a NM spacer layer and F is the thin FM layer in which the interesting
dynamics take place. To simulate spin-injection into such a system, one can impose
a Dirichlet boundary condition §;,; on equation (2.1.3) at the N.;/Fp interface,
regardless whether electrons flow from N.; to N or vice versa (it is the orientation
of §;,; with respect to mp that changes with the sign of the current). The vector

Sinj, by the theory of spin injection through an NM/FM junction [9], reads

Sinj = —mpﬁwﬁé, (215)

where (3 is a polarisation parameter which we choose to be 1 throughout this paper, j
denotes the current density and ¢ the proton charge. Thus, for j > 0 (particle density
flow from N.; to N,3), one obtains a vector §;,,; that is antiparallel to np and vice
versa. At the other three interfaces of the five-layer structure one demands continuity
of § and the spin current, —D3,5, and at infinity one imposes the homogenous
Neumann condition 0,5(c0) = 0. Equation (2.1.3) with the boundary/interface
conditions mentioned above has been studied analytically in the case of constant
[10, 11]. It is the purpose of this work to go beyond the case of mi=const. in the
Zhang-Levy-Fert (ZLF) model [1] and solve the Landau-Lifshitz equation (2.1.1) and
the spin-diffusion equation (2.1.3) self-consistently. The goal is to show that, with
reasonable physical parameters, the diffusive ZLF-model is capable of reproducing
experimental findings, thereby emphasizing its status as an alternative to the ballistic

interface-torque picture, equation (2.1.2).

This paper is structured as follows: in section 2.2 we present a numerical scheme

that solves self-consistently the system (2.1.1), (2.1.3) in multilayered structures in
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one space dimension. In section 2.3 we apply this scheme to simulate magnetization
dynamics in spin-valves that were investigated in [3]. Power spectra of the various
oscillation regimes obtained (depending on applied current) are presented. Finally, in
section 3.1.3 we discuss our findings in comparison with experiments and macrospin

simulations of the Slonczewski model, equation (2.1.2).

2.2 Numerical scheme

Let §:= yuoHes/(1+ a?), then the system (2.1.1), (2.1.3) can be written as

w —m X §—am X (m X §)
ol - | = 3 =: A(m, §), 2.2.1
T

where we defined the non-linear operator A. This operator is split into four parts,
A=A+ Ay + A3 + Ay, which read

0
Ai(m, 8) = 3 , 2.2.2
(7%, 9) pas— S tegm (222)
T h
. —am X [m X g]
Ay, §) = . , (2.2.3)
[ 27Acs
7 G cler A
A d) = | T MLt a?) m} , (2.2.4)
0
224 ﬁ]
—m ——AMm
(i, 3) == | ML(1+ a2) . (2.2.5)

0

In our finite-difference scheme, let nAt denote the discrete moments in time, At
being the time step. Applying Strang operator splitting [12] to (2.2.2)-(2.2.5) we
obtain the expression

(M 5Ly = AZ A2 A2 ALAZ A2 AZ (i, 5) (2.2.6)

Here, Al(m",5") denotes an advancement in time of (1", 3") by (At by solving a
discretized form of the equation 0;(m,s) = A;(m,3). The operator A; is treated
with a Crank-Nicolson scheme that is second order in space. The appearing linear

system is solved by Gauss-Seidel iteration and we use the fact that the solution to
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—

the equation & + # x @ = ¥, where 7, @,y € R3, is given by
v+ (@-y)a+axy
1+ |af® .

= (2.2.7)
The damping operator A, is treated with a scheme developed in a work by E et al.
[13]. For the operator Aj, denoting the expression in the square brackets in (2.2.4)

by f(m,3), we implement a norm-conserving Crank-Nicolson scheme,
2

IAt

x f(i*, 5, (2.2.8)

which is linear in 77** and is solved by Gauss-Seidel iteration using (2.2.7). In case

of the operator A4 we treat the Laplace term semi-implicitly and linearize as follows,

2 kx 2k 2 kxk — % 2k k > kk 2 kk
my =y g g % Myl — 2my gty
oy ko Mkt k k—1
2 Ax?

Here, k stands for the spatial index and Az denotes the grid spacing. The system
(2.2.9) is solved by Gauss-Seidel iteration using (2.2.7).

2.3 Simulation of spin-valve under current

We simulate the spin transfer-torque in a four layer structure that reflects the ex-
perimental setup of [3]. The layer thicknesses are 40nm FM / 10nm NM / 3nm
FM / 3 pm NM. Current flows in the a-direction, where =0 denotes the interface
between an electrode and the 40 nm FM layer (Fp), and 5(x=0,t) = §,,;(t), i.e.,
the Dirichlet condition is allowed to change in time with the direction of m g, see eq.
(2.1.5). In this setup, the dynamics inflicted on the thick layer magnetization have
been found to be minor in the investigated parameter range. A time-independent
vector §j,; does not account for a correct physical picture and changes the results
drastically, causing the dynamics of mp to dominate over those in the thin FM layer.
The number of grid points in the respective layers is: 32 / 16 / 16 / 64. Further
refinement did not cause a change in the results. The easy axis in the thick FM
layer is assumed to be in the z-direction and the one in the thin FM layer is chosen
to be tilted by 5° to that axis. In the FM layers, we use parameters associated to
Cobalt [3, 8], K, = 2.41 x 10*Jm™3, M, = 8 x 10° Am™*!, A, = 2 x 107" Jm™,
7=10""s,  =0.02, D = 10 m?*s™ ! and J., = 0.1eV [1]. In the NM layers we
use D =103 m?s ! and 7 = 107°s. Homogenous Neumann conditions are applied

on boundaries for the Landau-Lifshitz equation in each FM layer. Considering the
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Figure 2.1: Simulated power spectra of magnetic oscillations in the investigated spin valve
for different current densities j. Py, stands for the largest of all observed peaks.

spin-diffusion equation, the boundary/interface conditions discussed in section 2.1

are implemented.

In all simulations, a magnetic field |ﬁapp] = 2kOe was applied in the positive
z-direction. Thus, the intitial state of the spin valve is that the magnetizations of
both FM layers are almost parallel, mg being perfectly aligned with ﬁapp and m of
the thin layer slightly tilted. We then inject a positive current, which, according to
equation (2.1.5), leads to an §,; that is antiparallel to mp. The spin density § will
thus have a small perpendicular component to 1 in the thin FM layer, inflicting the
so-called spin-transfer torque. At sufficiently large currents, one observes magnetic
oscillations in different regimes (see below) in the thin FM layer. Note that if the easy
axis of the thin FM layer would point in the z-direction too, no torque would occur
in the zero-temperature ZLF-model studied here. Besides, the intra-layer exchange
coupling in the thin FM layer is so strong that its magnetization distribution m(z,t)
stays almost uniform for all ¢. In the thick FM layer, mig(z,t) does not stay uniform
but shows only very small deviations from + 2" (up to 3°) in the course of a simulation.
In all simulations, a time step At = 107'®s was used, smaller time steps did not

lead to a change in the results.

In order to analyse our simulations, we assume that the deviation of the electri-
cal resistance in a spin valve from its value in the parallel configuration is AR =

ARpaz(1 —mip - 1) /2 [8], where mip - 17 denotes the dot product of the spatial mean
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Figure 2.2: Simulated power spectra for current densities j € [0.48,1.34] x 10*' Am~2 in
the range of 0-16 Ghz.

values of the magnetizations in the two FM layers. Power spectra of the magnetic
oscillations in the thin layer are obtained by performing a discrete Fourier trans-
form of the simulated signals AR(t) (we use 5000 data points that are spaced by
At = 10725) and by plotting the squared norm of the Fourier coefficients over the
frequency.

Figure 6.1 shows the power spectra for current densities in the interval j €
[0.48,2.10] x 10" Am~2. The dominant peaks are the ones corresponding to 2o,
i.e., two times the actual oscillation frequency. They start to emerge at around
j = 0.6 x 10" Am~2 at f ~ 30Ghz and shift down in frequency with increasing
current. At currents larger than j = 1.4 x 10" Am~2, higher harmonics (4fo, 6 /o)
emerge too. The power of the odd harmonics (fo, 3fo, etc.) is three to five orders
of magnitude smaller than the one of 2f,, as can be seen in Figure 6.2, where power
spectra in the intervals j € [0.48,1.34] x 10 Am~2 and f € [0, 16] Ghz are depicted.
Oscillations start at a frequency fy = 16 Ghz for j = 0.48 x 10" Am™2, then f,
diminishes with increasing current before it emerges again at frequencies lower than
10 Ghz at about two orders of magnitude more powerful. During this transition, we
observe a low-frequency background.
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(iii) j = 1.4 x 10'! Am~2 (iv) j = 2.1 x 101 Am~2

30" o

Frequency [Ghz]

.5
Current density [1011 A/m2]

(v) Simulation results of two times the fundamental os-
cillation frequency fj and the ratio a;/b; as a function
of current density j.

Figure 2.3: Obtained oscillation regimes of the mean value 77i(t) in the thin FM layer:
i) small angle precession, ii) large angle precession, iii) clamshell orbit, iv) out-of-plane
precession.



2.4. DISCUSSION o1

We refer to [8] for a detailed interpretation of the obtained power spectra. The
main reason for the occurrence of different harmonics is that 7 moves along elliptical
trajectories that are not symmetric with respect to the z-axis, as can be seen in
Figure 6.3 where the different simulated oscillation regimes are depicted. We found
a) small angle precessions, b) large angle precessions, ¢) clamshell orbits and d)
out-of-plane precessions.

As derived by Zhang et al. [1], the effect of adding the s-term to the effective
field, equation (2.1.4), can be expressed in compact form by augmenting the Landau-

Lifshitz equation by two terms,
8tm = ajm X (T?L X mp) + bjm X ﬁ’ip . (231)

This expression differs from the Slonczewski torque term (2.1.2) by the second term
on the right-hand-side, the so-called effective field term. In our simulations, we
determined the coefficients a;(x,t) and b;(x,t) in the thin FM layer, integrated
them over the thin layer domain and then calculated the ratio of the time mean
of these integrals. Results are depicted in Figure 6.4 for different current densities,
along with the corresponding frequencies 2 f;. The ratio a;/b; is found to be roughly

7 for small/large angle precessions and around 10 for out of plane precessions.

2.4 Discussion

As far as fy is concerned (Figure 6.2), our results show good qualitative and
quantitative agreement with the experimental findings in [3]. However, the much
stronger peaks of 2f; (Figure 6.1) were not reported there, which is quite surpris-
ing. The different oscillation regimes (Figure 6.3) have been reported in macrospin
simulations [6] with the Slonczewski spin-torque model (2.1.2). The similarity to
the ZLF-model is understood by looking at the ratio a;/b; (Figure 6.4), which is
between 6 and 10 in our simulations. An experimental value of 5.3 is reported by

Zimmler et al. [14] for a 3nm Cobalt layer.

2.5 Conclusion

We showed that the diffusive exchange-torque model (ZLF model) proposed by
Zhang et al. [1] represents a legitimate alternative to the ballistic interface torque-
model usually used to describe magnetization dynamics in spin valves. For the
first time a numerical study of the coupled system Landau-Lifshitz equation / spin-

diffusion equation has been carried out using reasonable physical parameters in



order to enable comparison with experimental data. The obtained simulation results

encourage the study of the ZLF-model in greater detail, especially in 3D geometries.

Acknowledgment

The authors acknowledge support from the Marie Curie Early Stage Network

DEASE: MEST-CT-2005-021122 funded by the European Union and from the project
QUATRAIN funded by the french National agency for research (ANR 2007-2011).

REFERENCES

1]

2]

S. Zhang, P.M. Levy, and A. Fert. Mechanisms of spin-polarized current-driven
magnetization switching. Phys. Rev. Lett., 88(23):236601-1, 2002.

M. Tsoi, A.G.M. Jansen, J. Bass, W.-C. Chiang, M. Seck, V. Tsoi, and
P. Wyder. Excitation of a magnetic multilayer by an electric current. Phys.
Rev. Lett., 80(19):4281, 1998.

S.I. Kiselev, J.C. Sankey, [.N. Krivorotov, N.C. Emley, R.J. Schoelkopf, R.A.
Buhrman, and D.C. Ralph. Microwave oscillations of a nanomagnet driven by
a spin-polarised current. Nature, 425(380), 2003.

L. Berger. Emission of spin waves by a magnetic multilayer traversed by a
current. Phys. Rev. B, 54(13):9353, 1996.

J.C. Slonczewski. Current-driven excitation of magnetic multilayers. J. Magn.
Magn. Mater., 159:L1-L7, 1996.

D.V. Berkov and J. Miltat. Spin-torque driven magnetization dynamics: Mi-
cromagnetic modeling. J. Magn. Magn. Mater., 320:1238-1259, 2008.

M.D. Stiles and A. Zangwill. Anatomy of spin-transfer torque. Phys. Rev. B,
66(014407), 2002.

D.V. Berkov and N.L. Gorn. Magnetization precession due to a spin-polarized
current in a thin nanoelement: Numerical simulation study. Phys. Rev. B,
72:094401, 2005.

52



REFERENCES 53

[9] 1. Zutic, J. Fabian, and Das Sarma S. Spintronics: Fundamentals and applica-
tions. Rev. Mod. Phys., 76(2):323-410, 2004.

[10] A. Shpiro, P.M. Levy, and S. Zhang. Self-consistent treatment of nonequilibrium
spin torques in magnetic multilayers. Phys. Rev. B, 67:104430, 2003.

[11] J. Guo, M.B.A. Jalil, and S.G. Tan. Efficient spin transfer torque in pseudo-
spin-valve structure. J. Appl. Phys., 103:07TA718, 2008.

[12] W. Hundsdorfer and J.G. Verwer. Numerical solution of time-dependent

advection-diffusion-reaction equations. Springer Verlag Berlin, 2003.

[13] W. E and Wang Xiao-Ping. Numerical methods for the landau-lifshitz equation.
SIAM J. Numer. Anal., 38(5):1647, 2000.

[14] M.A. Zimmler, Oezyilmaz B., W. Chen, and A.D. Kent. Current-induced ef-
fective magnetic fields in co/cu/co nanopillars. Phys. Rev. B, 70:184438, 2004.






Part 11

Kinetic Modeling of

Spin-Coherent Electron Transport

%)






Chapter 3

QUANTUM MECHANICS IN PHASE SPACE

Overview. It is the aim of this chapter to formulate the basic concepts of quantum
mechanics in the phase space [1, 2]. This formulation has been particularly useful
for studying the transition from the quantum- to the kinetic or mesoscopic level in
transport theory [3, 4, 5|. The incorporation of spin-degrees of freedom is straight-
forward and will be of central interest in what follows [6, 7]. In a first step we shall
introduce the Wigner-Weyl correspondence between operators acting in the system’s
state space and symbols in the phase space. The strong similarities between these
symbols and observables in classical mechanics will be highlighted. Subsequently,
the semi-classical scaling of quantum mechanical expressions is discussed in detail
and we shall explicitly compute the first few terms of the Moyal product of opera-
tor symbols. The Moyal product will then be applied to perform the semi-classical
limit in the von Neumann equation for a single particle with spin. In the particular
case that the spin part of the system’s Hamiltonian is small compared to its scalar
part, the semi-classical limit results in the matrix-Vlasov equation. This equation
determines the time evolution of a distribution matrix which plays the role of the
distribution function in classical mechanics, with the difference that its matrix form

allows for coherence of spin basis states in a particle’s dynamics.

o7
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3.1 Weyl quantization and Wigner transform

The following is a collection of basic notations and properties needed to formulate
quantum mechanics in the phase space. The state space of a single particle with
spin is (L2(R¢, C))™ and it will be denoted simply by (L?)". Here, d is the dimension
of the position space and n stands for the dimension of the spin space, e.g. n = 2
for spin-1/2 particles and n = 3 for spin-1 particles. For ¢, € (L*)", the definition

of the scalar product
O =Y [ dro@i (3.1.1)
i=1

makes (L?)" a Hilbert space with the norm

[D]](z2)n := 1/ (& &) L2y - (3.1.2)

The Fourier transform of ¢ € (L?)™ and its inverse are defined component-wise,

- 1

56 = G [ WO, 6w) = o [ RO, (1

(2m)

where £ € ]Rg plays the role of the conjugate variable to the position . We note the

fundamental relations (in a weak sense)

1
(2m)

where () stands for the Dirac delta distribution. The action of an operator A

in (L*)" can be defined by means of the integral kernel A : R — C™ " given

/df e* = §(x), (271r)d /dx e = 5(¢), (3.1.4)

component-wise by
402) =3 [y Ay 0)6,0) 3.15)
j=1
The corresponding adjoint operator AT in (L?)" is defined via the scalar product,
(4000 = Y [ @465
i=1

- Z /dx/dyAij@,Z/)(ﬁj(y)%(x) (3.1.6)

ij=1

L= (¢, ATID)(I;)n .
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We deduce from Eq. (3.1.6) that the integral kernel A" of the adjoint operator is
defined by

Al (,y) = Ay, o). (3.1.7)
In the framework of pseudo-differential calculus [8], each operator kernel A(z,y)

is assigned a symbol a : R? x Rg — C™" in the phase space via the mapping
W Aij — a;j, defined by

a;j(x, &) = W[A;|(z,€) = /dy Aij <x + %,x — g) e Wt (3.1.8)

The mapping (3.1.8) of operator kernels to phase space symbols is called the Wigner

transform. It is easily verified that its inverse is given by

Aij(w,y) = W agl(z,y) = (2—71r)d /di ai; (xTﬂ%) e@vE, (3.1.9)

Inserting the definition (3.1.7) into Eq. (3.1.8) results in

CL;[]-(:L‘7£) :aji<m7§) (3110)

for the symbol aL- corresponding to the adjoint operator Af. Thus, in the case that
A = AT is a self-adjoint operator, the matrix a(x, ) defined component-wise in Eq.
(3.1.8) is Hermitian at every point (z, &) in the phase space. Inserting the inverse of
the Wigner transform (3.1.9) into Eq. (3.1.5) allows one to write the action of an

operator A in (L?)" by means of its phase space symbol a,

Ad(@) = Z [av [acas (%5) HHEEIE (311

Equation (3.1.11) defines the mapping Op(a) = A. This mapping is called the Weyl
quantization rule; it provides a direct correspondence between functions in the phase

space and operators in (L?).

Before applying the Wigner-Weyl calculus to quantum mechanics, we shall briefly
discuss the basic physical units in which quantities will be displayed. The physical
unit of a quantity ¢ will be denoted by [g]. Let us start the discussion with a general

wavefunction ¢(x) € (L?)". Tt is clear that the unit of its components is

1

] = Bk (3.1.12)

since |¢;(z)|? is interpreted as a probability distribution function in position space.

A particle’s momentum p is given by p = h&, where A denotes the Planck constant
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divided by 27, since
1
(7] = [p], €] =" (3.1.13)
[]
In order for the modulus square of the Fourier transform of ¢;(x) to be interpreted
as a momentum distribution, one has to properly redefine the Fourier transform and

its inverse (3.1.3), respectively,

éz(p) = W /dx qbi(x)e_%’”'p,

1 N
= W/dpgbi(p)eh

Using Eq. (3.1.12) and Eq. (3.1.13) it is clear that the definition (3.1.14) results in

(3.1.14)

[6i] = [p]11/2 : (3.1.15)

which is the desired result. Now let (¢*)?°, stand for an orthonormal basis set in
(e,

¥ (|F2yn = 1, (%, ") (r2yn = O, VIkeN, (3.1.16)

where 0y = 1 for k = [ and zero otherwise. The components A;; of the intgral kernel

of a Hermitian operator A in (L?)" can be written as

[e.9]

Asj(w,y) = (3.1.17)

k=1

with the coefficients ¢l = ¢¥ € C. From Eq. (3.1.12) it follows that
(4]
[Ay] = A (3.1.18)

In particular, a single-particle quantum state (pure or mixed) is defined by its density
operator p : (L?)"* — (L?)". The corresponding operator kernel g is called the density

matrix; its components will be denoted by

0i; (2, y) Z)\kgbk (3.1.19)

where )\, € RT stands for the relative portion of the state ¢* € (L?)" in the mixed
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state (3.1.19) and one has ), A, = 1. Moreover,

[ois] = é (3.1.20)

The equivalents of (3.1.17) and (3.1.19) in the “physical” phase space R% x RY are
defined via the Wigner transform (3.1.8) in the following manner [9]:

aij(, p) = Wloi] <:E %) /dy Aij (a: + g g) e VP (3.1.21)
._ 1 B y Y —iy
wij(xap) T (Qﬂ_h)dw[g’bj] < ) d /d x‘i‘ , XL 2) e yp)
(3.1.22)

which yields
1

ol (3.1.23)

[ai;] = [4], [wij] =

The normalization factor (2wh)~? is present only in the Wigner transform of the
density matrix (3.1.22), but absent for all other operators. The reason for this will
become transparent in the last paragraph of this section. The inverse of (3.1.21)

and (3.1.22), respectively, is given by

1 T+y ().
Aij(z,y) = (2nh) /dpaij (T,p) en@ VP, (3.1.24)
0ij(2,y) = /dp’wz-j (x;y,p> er= VP, (3.1.25)

The phase space symbols (3.1.22) are the components of the Wigner matrix w =
(wi;)7 j=1, which is a Hermitian matrix since p is self-adjoint. In view of Eq. (3.1.19)

it will be useful to define the Wigner transform of two state vectors ¢, ¢ € L?:

W, ) (z,p) = @W—lh)d /dyqb (m + %) ¥ (a: - %) e VP (3.1.26)
From Eq. (3.1.19) we obtain
=Y AWk, ). (3.1.27)
k=1

Working in the Wigner representation (3.1.22) respectively (3.1.27) displays many

analogies between quantum and classical systems. For instance, from Eq. (3.1.26)
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one immediately obtains

[ awie.olten) = o) (3.1.28)

Moreover, inserting the inverse Fourier transform (3.1.14) into Eq. (3.1.26) yields

WIo, ] = W / dy / dg / dq (q)d(q)erlara)2Plveilara)e (31 99)

Performing now the variable transformation

U+

q
2 (3.1.30)
v=q—(q

/

q

Nl e

u —

and furthermore using the identity (3.1.4) results in

WIo, ¥)(z, p) = ﬁ/dv& (p n %) I <p - g) ervT (3.1.31)
Thus, one obtains
[ asWis. ol = o) (3.1.32)

which is again analogous to a classical phase space distribution function. It can
be seen in Eq. (3.1.29) that the sign appearing in the exponential of the Fourier

transform of operator kernels is reversed for the second argument; thus one defines

1 i i
é(pv Q) = —/dCC /dyp(x,y)@_hw'peﬁ,y'q7
27h)®
( | ) o (3.1.33)
o(z,y) :== W/dp /dqﬁ(p, q)enPen¥ e,

In the density matrix approach with physical units, the expectation value (A) of an

operator A is computed by
(A) =tr(pA) = Z/d:c/dz 0ij(x, 2)Aji(2, x). (3.1.34)
ij

Inserting here the inverse Wigner transforms (3.1.24) and (3.1.25) results in

1 T+ z i z4+x i
A = — .. PR — 7(172)'1’ .. PR 7(fo)'q
(A) @nh) Eij /d:cdzdpdq w; < 5 ,p) en aji ( 5 ,q> et
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Performing now the variable transformation

~

Tr+z Y

T YTy
y (3.1.36)

r - —

Y =T—2z z=1 2

and furthermore using the identity (3.1.4) leads to

= Z/dx/dpwij(x,p)@ji(iﬂap), (3.1.37)

which resembles the classical expectation value of the observable a in the phase
space, given the distribution matrix w. Finally, using Eq. (3.1.24) one can restate

the Weyl quantization (3.1.11) in physical units:

[Ag];(x o hdZ/dy /dpazj( ,p> i (y)en =P, (3.1.38)

As a concluding remark we shall briefly elaborate on the normalization factor (2h) =4
in Eq. (3.1.22), which is absent in Eq. (3.1.21) for operators other than the state
operator. Its presence led to the relations (3.1.28) and (3.1.32); these relations
together with Eq. (3.1.27) ensure the normalization of the state operator p:

= Z/dx/dpwu(x,p) =1, (3.1.39)

where tr () denotes the operator trace and we used the orthonormality of the basis
functions (3.1.16). The absence of (2rh)~? in Eq. (3.1.21) is explained by the
formulation of the Weyl quantization (3.1.38). The latter is obtained by inserting
the inverse Wigner transform (3.1.24) into Eq. (3.1.5). Because of the presence of the

normalization factor in the inverse Wigner transform one obtains the correspondence
p— —ihV,, (3.1.40)

which amounts to the usual definition of the momentum operator.

3.2 Semi-classical scaling

It is the aim of this section to make transparent the notion of the “semiclassical
scaling” in the phase-space formulation of quantum mechanics. Let us thus refor-

mulate the equations of the Wigner-Weyl calculus in a dimensionless form which
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allows one to tune the role of quantum effects within a physical system by means
of a small parameter €. In general, these quantum effects are non-negligible if the
wave-nature of quantum states is prominent, leading to coherence, diffraction or
interference of states of the physical system. As in classical optics, these phenomena
occur when wave functions are delocalized and when the size of obstacles is on the
same scale as the wavelength attributed to state vectors. For instance, let /. stand
for a characteristic length scale of the system, e.g. the scale on which a given po-
tential varies considerably. Furthermore, let £. denote a characteristic wave number
of state vectors of the system such that the characteristic wave length is the de
Broglie wave length App = 27 /.. The quantum and the classical regime can then

be characterized as follows:

A A
quantum: ~1, classical: “22 <« 1. (3.2.1)

le Ce
Associated to &, is the characteristic momentum p. = h&.; thus we introduce the

semiclassical parameter ¢ as

h
lepe’
which is also called the “scaled Planck constant”. According to Eq. (3.2.1), the

smaller ¢ becomes the more is the classical regime approached. Since (.p. is a

e = (3.2.2)

characteristic action of the system, one could also start from the characteristic energy
E. and time 7., respectively, and define ¢ = h/E.7.. Indeed, for parabolic bands these

two approaches are equivalent. Let us now introduce the dimensionless variables

/

o = gf p=2 (3.2.3)

P
De
and let us furthermore rewrite the Wigner matrix (3.1.22) in these variables,

/

d ’ 4
wij(2'le, p'pe) = <2ich) /dy’ 0ij {(x/ + %)EC, (x’ - ‘%)4 e Y (3.2.4)

Defining now the dimensionless quantities

éij (xla y/> = (£c>dgij (xlgm ylgc) ’ wij(xla y/) = (gcpc)dwij (x/gmp/pc) ) (325)
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and furthermore using the definition of the semiclassical parameter (3.2.2), from Eq.

(3.2.4) one obtains the scaled version of the Wigner matrix (3.1.22) and its inverse:

° / / ]- / o / y/ / y/ _ip/.y/

wii (@', p') = (2ne)d dy’ 0; | " + TG e T, (3.2.6)
/ / )

0ij(2',y") = /dp’ Wi (%,ﬂ) ee@ V)P (3.2.7)

For a general operator kernel A;; with characteristic magnitude A, (in appropriate
physical units) one defines its dimensionless form and the corresponding Wigner

representation as

d

1 ro gc / / o AW 1 / /
-Aij(x ) = T)Azj(ﬂv le,y'le) Gij(l’ p) = Zaij(m e, D'pe) - (3.2.8)

Then, inserting Eqs. (3.2.3) and (3.2.2) into Egs. (3.1.21) and (3.1.24) results in

1 y/ y, ol
ai(a',p') = /d?/ Aij (xl + 5@' - 5) e P (3.2.9)
1 / / 1 / o x/ + y, / 1’($1_y/).p/
Aij (@, y') = W dp” a; —y P e . (3.2.10)

Finally, with the scaled version of the operator A in (L?)" and the scaled version of
the state vector ¢ € (L?)", given by

A= b = )P, W) = )W) . (32.1D)

the Weyl quantization (3.1.38) transforms into

Ad) (e de/dy [t (S5L ) b7 a1

It should be noted that from Eq. (3.2.11) one obtains that the Fourier transform

and its inverse (3.1.14) can be written as

Ty 1 /g no—Lig!
gbi(p):w/dx ¢i($)€ € p;

B _ (3.2.13)

6i@) = [ et
Putting the factor 1/(27¢)? in front of the Fourier transform, and not its inverse, has
an important consequence: the Fourier transform of wavefunctions that are strongly

varying in position space, i.e. ¢(a:’ ) = qﬁ(w’ /€), is scale invariant, which means that
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it does not depend on the magnitude of the parameter €.
In summary, after easing the notation!, we have obtained here the following

scaled equations:

e Wigner transforms:

1 ey YN iy
wij(%ﬁ)zw/dy&j (er?,%—?)e ve, (3.2.14a)
aij(z,§) = 5d/dy Aij (IL“ + %,x - %) e e, (3.2.14D)

e Inverse Wigner transforms:

0ij(w,y) = / d€ wy; (%“ﬂa@) elle=u)e, (3.2.15a)
1 r+y ().
Aij(z,y) = W/diaij (T,ag) T (3.2.15b)

e Weyl quantizations:

[pg)i(x) = edz / dy / dg wy (Q:Tﬂ/,sg) o, (y)el @€ (3.2.16a)

4610 = s 3 [y [y (FHLce) o0 210

3.3 The Moyal product

It is the aim of this section to derive a power series expression in the semiclassical
parameter € for the product of an arbitrary operator A in (L?)" with the state op-
erator p in (L?)"™ in the Wigner picture. This semiclassical expansion is commonly
referred to as the Moyal product [2]. Tt will serve as the basis for performing the
semiclassical limit of the von Neumann equation, as demonstrated in the next sec-
tion. At this point we assume that a € C®(RZ x Rg), where a denotes the symbol
of A in the phase space, while for the Wigner matrix we assume w € H°(RZ x R).
Let us investigate the action of the operator C' = Ap on a state ¢ € (L?)". For this
we use Eq. (3.2.16) to obtain

03() = [Pl (9) = Z [ s [anwn (V55 en) e sy

'We omit the primes and the circles and moreover write greek letters for scaled momenta.
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and furthermore to write

V(@) = G Z / dy / dé ay; <ﬂ g) 0y (y)dEVE (3.3.2)

Inserting Eq. (3.3.1) into Eq. (3.3.2) results in
yt+z
[Apdl(a Z / iz [ dndca, (— 5) Wy (T sn) on(2)
x W) mei@—y)€ (3.3.3)

which yields the following components of the integral kernel C of the operator C"

Cir(z, 2) Z/dy /dnd{a” ( 5) Wi (y—;—z’€77>

x ely=2)neile=y)€, (3.3.4)

The symbol ¢;; in the phase space corresponding to (3.3.4) is computed via the
transformation for the density matrix (3.2.14a) (this choice will become transparent

in the next section):

A g
o >/dzclk<$+2,x 2)6 (3.3.5)

ed €z r+y ez
= 2dz:/dydz /dndfam <— Z7€§) Wik (T - Z,sn)

x e~ Ha—y=F)nila—y+5)E iz

cir(z,0) =

Let us now introduce the dummy variable v via

€z v+ £z
cir(x,0) 2d Z/dvdydz /dndfocZJ (— Z,gg) Wik < > vy _ Z@n)

x §(x — v)e Y= Tyt ) Epmizd (3.3.6)

and let us furthermore perform the variable transformations

vty

<
I

S

+

(3.3.7)

S
I
<
|
<@
<
I
S
|

NSNS
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which results in

cir(x,0) T Z/dadbdz /dndf i < 55) Wi (a %,877)

b . :
X & (x —a— 5) —ib= )it 5z (3 3 Q)

As a next step we write wj;, in its Fourier representation,

EZ
Wik <CL - Z? en

where ;) denotes the Fourier transform of wj;. Inserting Eq. (3.3.9) into Eq.
(3.3.8) leads to

dr [ dy d}jk(x,r)e_i(“_%>'xe_ia’7’r, (3.3.9)

g & £z N
cir(x,0) = W Z/dadbdrdz /dndfdx oy <a + Z’8£> Wik(x,r)  (3.3.10)
j=1

N (x —a — g) e—i(a—%).xe—i(b—%—i—ar).nei(b—i—%).ge_iz.g ‘

In what follows we shall use frequently the relations (3.1.4). Performing the integral
with respect to 1 and subsequently with respect to b leads to the transformation

b £z/2 — er, which results in

cik(x,0) 2d2/dadrdz /d&dxa,]< — f) Wik(x,T) (3.3.11)
o g z —i(a——)~x i(ez—er)-£ —iz-0
) (93 a— + 5 ) e 1) Xe e .

From the integral with respect to a we obtain a — x —ez/4 + er/2,
cir(x, 0) 2d Z / drdz /dfdx a; + 55) Wik(x,T) (3.3.12)
x efi(zf%+%)-x€ (ez—ar)-ge—zzﬂ )

The integral with respect to z now yields a delta distribution,

cik(z,0) dZ/dr /dfdxa” v+ = 55) Wik(x,T) (3.3.13)

) (7 et 9) omila+F ) xpiert
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The variable transformation £’ = £ and the subsequent integration with respect to

&' results in the transformation € — 6 — ex/2,

C’k L 0 d Z/dr /dX Qij _7“’6 - %) w]k(X,T)e_ix'Xe_w'r,

(3.3.14)

Equation (3.3.14) is referred to as the Moyal product. From here on we shall use
the following notation for the scaled Wigner transform (3.2.14a) and its inverse
(3.2.15a):

W.(0) = w'®, W w®) = . (3.3.15)

Furthermore, the scaled version of the mapping Op(w) = p defined in Eq. (3.2.16a)
(or in (3.1.11), respectively) and its inverse will be denoted by

Op.(w'®) = p, Op; ' (p) = w®. (3.3.16)

&)yn

ij
script € indicates that the semiclassical parameter is intended to go to zero. Hence,

Here, w'®) denotes the scaled Wigner matrix with components (w;;’)? 'j—1- The super-

we introduce the following notation for the Moyal product (3.3.14):

Op. 1 (Ap) = a#.w' . (3.3.17)

Inserting into Eq. (3.3.14) the Taylor series expansion

15 €
a”(l"i‘_rg X

15
2 , U — 7) = aij(ac,g) + 5 [Vl,aij(x,@) T — VQCLZ‘]‘(I,Q) . X] + O(€2>

and subsequently using the Fourier representation (3.3.9) results in the semiclassical

expansion of the Moyal product:
a#tw® = aw® + ig{a, W} (10 + O(E2), (3.3.18)
where {-, -}, denotes the Poisson bracket in the phase space variables defined by
{a, w9} 49 = Vya - Vew'® — Vya - V,w® (3.3.19)
It can be readily verified that for reversed order of the operators A and p, one obtains

[Op- ! (pA))u = (271r)d i/dr /dxai]( 9+ 2X> By, T)e =X 0T
: (3.3.20)
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Therefore, the semiclassical expansion of the Moyal product (3.3.20) reads

WO = w®a + ig{wq a} ) + O(2) . (3.3.21)

3.4 The matrix-Vlasov equation

The scaled version of the Wigner-Weyl calculus in quantum mechanics introduced
in the course of the previous two sections allows for a transparent study of the
transition from quantum dynamics to classical dynamics in the phase space. Here,
in particular, we shall present a formal derivation of the matrix-Vlasov equation,
which is an extension of the usual Vlasov equation to incorporate the spin-degree of
freedom of particles on the mesoscopic level. This equation serves as a basis for the
work presented in Chapter 4. Let h : RY x Rg — C%4 stand for the phase space
symbol of the Hamilton operator H in (L?)" of a single particle with spin. On the
quantum level and in the semiclassical scaling, the dynamics of the state operator p

in (L?)" describing this particle are given by by the scaled von Neumann equation,

Oup+ <[H,pl = 0. (3.4.1)

where [H, p] = Hp—pH denotes the commutator. By applying the operation Op_*()
defined in Eq. (3.3.16) we can map Eq. (3.4.1) into the phase space,

0w + = (' —w k) = 0. (3.4.2)

Using now the semiclassical expansion of the Moyal product, Egs. (3.3.18) and
(3.3.21), results in

; 1 1
Ow'® + é[h, W] = S {h, 0V} + {0, Ml ey + Oe). (3.4.3)

For ¢ < 1 the commutator [h,w®] is the dominant term. Hence in the limit ¢ — 0
one obtains [h,w®)] = 0Vt which leads to a system of n coupled scalar equations
for the n possible spin states of the particle. A rigorous analysis of this case as well
as of the following matrix case for spin-1/2 particles can be found in [6, 10]. The
matrix form of w'® is retained in the limit ¢ — 0 under the premiss that the symbol

h scales as follows:

M, &) = he(z, )1, + ehy(x,€)  V(z,€) € RE x RY. (3.4.4)



Here, 1,, denotes the identity operator in C™*?, h.(z,&) € RV(x, ) stands for the
scalar part (or charge part) of the symbol h and hg := h — h.1,, denotes the spin
part. Inserting Eq. (3.4.4) into Eq. (3.4.3) and taking the limit ¢ — 0 results in

Ow® + ilhs, w(o)] — {he, w(o)}(x@ , (3.4.5)

which is referred to as the matrix-Vlasov equation. The latter is a mesoscopic
transport equation which allows for quantum superposition of different spin states
at each point (z,¢) in the phase space. This “spin-coherence” is reflected by non-
vanishing off-diagonal elements in w®. The notion of spin-coherence is described in

detail for spin-1/2 electrons in the sections 4.2 and 4.3 of chapter 4.
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Chapter 4

DIFFUSION LIMIT OF A GENERALIZED
MATRIX-BOLTZMANN EQUATION FOR
SPIN-POLARIZED TRANSPORT

S. Possanner and C. Negulescu,
published in Kinetic and Related Models, Vol. 4, p. 1159, 2011

Abstract. The aim of the present paper is the mathematical study of a linear
Boltzmann equation with different matrix collision operators, modelling the spin-
polarized, semi-classical electron transport in non-homogeneous ferromagnetic struc-
tures. In the collision kernel, the scattering rate is generalized to a hermitian,
positive-definite 2 x 2 matrix whose eigenvalues stand for the different scattering
rates of, for example, spin-up and spin-down electrons in spintronic applications.
We identify four possible structures of linear matrix collision operators that yield
existence and uniqueness of a weak solution of the Boltzmann equation for a general
Hamilton function. We are able to prove positive-(semi)definiteness of a solution for
an operator that features an anti-symmetric structure of the gain respectively the
loss term with respect to the occurring matrix products. Furthermore, in order to
obtain matrix drift-diffusion equations, we perform the diffusion limit with one of
the symmetric operators assuming parabolic spin bands with uniform band gap and
in the case that the precession frequency of the spin distribution vector around the
exchange field of the Hamiltonian scales with order £2. Numerical simulations of the
here obtained macroscopic model were carried out in non-magnetic/ferromagnetic
multilayer structures and for a magnetic Bloch domain wall. The results show that
our model can be used to improve the understanding of spin-polarized transport in

spintronics applications.
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4.1 Introduction

The coupling between the spin- and the charge degree of freedom of an electron
system is a growing research topic in physics and mathematics. What is simply
called ’spintronics’ (spin-electronics) has become a vast field with many promising
applications and plenty of challenging problems to be solved. The field includes, for
example, quantum computing [1, 2] (qubits), spin-dependent transport in ferromag-
nets [3] (glant magneto-resistance effect or GMR effect), semiconductor spintronics
[4, 5] (spin field-effect transistors, magnetic resonant tunneling diodes) and spin-
transfer torques in ferromagnets [6, 7, 8] (current-induced magnetic switching and
domain wall motion). The benefits of spintronics lie in the fact that the magnetic
state of a system can be changed by manipulating charges with electric fields, which
can be handled rather easily and more precisely as compared to magnetic fields.
In most of the spintronic applications, spin-polarized electron transport in solids
plays a crucial role. By spin-polarized transport we mean that, in addition to the
charge distribution of an electron system, it is necessary to keep track of its spin
distribution to obtain a correct description. Magnetic impurities, a ferromagnetic
environment, strong spin-orbit coupling [9, 10] or an applied magnetic field often

require the spin-polarized treatment of transport in these systems.

The spin of an electron represents a two-state quantum system [11]. This means
that once a direction is chosen in real space, the electron spin can be determined to
be either parallel (spin-up) or anti-parallel (spin-down) to that direction. Prior to
the measurement, a general spin state (or spin-coherent state) is a quantum super-
position of the spin-up and spin-down basis states. The density matrix of a spin-
coherent state is a hermitian 2 x 2 matrix, where the spin-coherence is represented
by non-vanishing off-diagonal elements. From a mathematical point of view, spin
systems resemble electron-hole systems in Graphene [12]. For such systems, there
exist various matrix transport models on the microscopic (von Neumann and Wigner
equation), the kinetic (Boltzmann equation [13, 14, 15, 16]) and the macroscopic level
(drift-diffusion and fluiddynamic equations [17, 18, 16, 19], quantum drift-diffusion
and quantum fluiddynamic equations [20, 21]). For the purpose of engineering spin-
tronic devices, macroscopic models are very appealing. On the one hand, they enable
efficient numerical simulations on the desired length scale (10" — 10> nm) and, on
the other hand, they incorporate the scattering of electrons from phonons (non-zero
temperature) and impurities (material imperfections). However, spin-coherent drift-
diffusion models occurring in literature are still mostly heuristic. Recently, El Hajj

and Ben Abdallah [22] introduced a spin-coherent collision operator in the linear
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BGK approximation to obtain a matrix Boltzmann equation. They performed rig-
orous diffusion limits in various scalings to derive a number of matrix drift-diffusion
models. The rigorous derivation of a spin-coherent collision operator from the mi-

croscopic scale is still an open problem.

In this work we address, at first, the kinetic level of spin-coherent transport. Our
goal is to set up a matrix Boltzmann equation that incorporates spin-dependent scat-
tering rates, or more precisely, that features a collision kernel with matrix-valued
transition probabilities from momentum hk to Ak’. Such a kinetic equation can be
viewed as a generalization of the model in [22] to spin-dependent mean-free paths. In
[22], the scattering rates were scalar quantities (which yield one mean free path for
both spin species) whereas in our case they are fully occupied hermitian, positive-
definite 2 x 2 matrices. The eigenvalues of these matrices stand for the different
scattering rates of spin-up and spin-down electrons (yielding two distinct respective
mean free paths). The observation of spin-dependent electron resistances in ferro-
magnets [23, 24] was crucial for triggering the research on spintronics, therefore the
generalization of scalar scattering rates to matrix-valued scattering rates is a logical
step. The main problem, as compared to the scalar case, is to deal with the matrix

products that will occur in the newly defined collision operator.

The effects of spin-dependent mean free paths on non-coherent spin-polarized
transport (two-component models) have been studied comprehensively [25, 26, 27,
28, 29, 30]. However, to our knowledge, there exist no works on the consequences
of spin-dependent scattering for spin-coherent electron systems. Our approach is
to add, on the right-hand-side of the spin-coherent Vlasov equation, the four most
simple types of linear matrix collision operators which preserve the hermiticity of
the electron distribution matrix. We then apply the method of characteristics and a
fixed point argument to check existence and uniqueness of a weak solution of the re-
spective matrix Boltzmann equation. Additionally, using the maximum principle, we
check the positive-(semi)definiteness of the solution. We identify one collision oper-
ator that satisfies the maximum principle. This operator features an anti-symmetric
structure with respect to the matrix products in the gain and the loss term, re-
spectively. The anti-symmetric collision operator is mass- but not spin-conserving.
In the subsequent sections of the paper, we focus on a mass- and spin-conserving
collision operator, which has a symmetric structure of the gain respectively the loss
term. In contrast to the anti-symmetric operator, the symmetric collision operator
describes only spin-conserving momentum scattering, no spin-flip processes. The

spin-flip scattering is then described by a second collision operator. This strat-
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egy permits to treat spin-conserving respectively spin-flip scattering on different
timescales. However, the verification of the maximum principle for this two-operator

approach remains an open problem.

In the second part of this paper we perform the diffusion limit in a scaled form
of the matrix Boltzmann equation, using standard techniques [31] known from the
scalar case. The necessary physical assumptions for this step are Boltzmann statis-
tics and local thermal equilibrium (detailed balance) in each spin band. Additionally,
we make the strong assumption of parabolic spin bands with uniform band gap, a
model that is known in spintronic literature as the Stoner model [32, 33]. Relaxing
this assumption should clearly be the topic of following works. However, even in the
simple setting of the Stoner model, we obtain, in the macroscopic limit, a matrix
drift-diffusion model that features a coupling between the charge- and the spin de-
gree of freedom. The coupling we get is linear in the polarization p of the scattering
rates (0 <p < 1).

The third part of this work contains some numerical studies of the derived
spin-coherent drift-diffusion model in one-dimensional multilayer structures and for
strongly varying magnetization on the scale of several nanometers (e.g. a magnetic
domain wall). We use a standard Crank-Nicolson finite difference scheme to solve
the four coupled drift-diffusion equations on a uniform grid. The results show that
our model provides a new means for studying spin-polarized transport in arbitrary
magnetic structures (e.g. non-collinear multilayers or strongly varying magnetiza-

tion).

4.2 Some notations and Lemmas

As a help for the better understanding of this work, we start by introducing some
relevant notations.

Definition 4.2.1 (Pauli matrices). By & = (01, 02, 03) we denote the triple of the

three Pauli matrices,

0 1 0 —2 1 0
= (1 0) oy = (Z 0) 03 = (O _1> ) (4.2.1)

To be consistent, the 2 X 2 unit matriz is denoted by

10
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The Pauli matrices satisfy the following properties, for k,1,m € {1,2, 3},

[O’k, O'l] =2 Z EkimOm (423)

[O’k, O'Z]Jr = 25k100 (424)

0,01 = 0o + 1 Z€kzm0m- (4.2.5)

Here, [0k, 0] = oo, — 0,0y stands for the commutator of oy and oy, [0}, 094 =

0,07 + 0,01 denotes the anti-commutator, d,, the Kronecker delta, ey, the Levi-
Civita symbol, defined by

Ok1 Ok2 Ok
Ekim = |01 02 Oi3 |- (4-2'6)

6m1 5m2 5m3
From (4.2.3) one deduces, for @,b € R?,

(@ 3)(b-3) = (@-b)og+i(@xb)-& (4.2.7)
.5) = 2i(@xb)-a. (4.2.8)

Definition 4.2.2 (Matrix spaces). Let Hy(C) denote the vector space of hermi-
tian 2 X 2 matrices. Associated with the Frobenius scalar product (-,-), and the

corresponding norm || - |2,
(A, B), :=tr(AB), || A]]2 := /tr (A2) VA, B € Hy(C), (4.2.9)

the vector space Ha(C) becomes a Hilbert space, where A = (a;;) and B = (b;;) with
i,j € {1,2} and

ij

denotes the trace of AB. By Hy " (C) we denote the subspace of Ho(C) containing
positive semi-definite matrices and by Hy (C) we identify the subspace of positive

definite matrices.

The space Hy(C) is spanned by the four matrices o, 01, 09 and 3. In this basis,
the coefficients of a matrix A € Hy(C) are denoted by ag € R, @ = (a1, as,a3) € R3.
We have the following isomorphism between Hy(C) and R,

A=ayog+ad-G € Hy(C) <= A= (ap,d) €R" (4.2.11)
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The coefficients of A in this Pauli basis are computed as follows,

1 1
In the following, we call the space R? of the coefficient vectors @ of a matrix A €
Hs(C) in the Pauli basis the spin space. Only vectors in spin space are written with
the overlined arrow symbol. The eigenvalues of A € Hy(C) are given by ay = ag+|d|

and a_ = ag — |d|, respectively.

Lemma 4.2.3. Let A € H3(C) with components (ag, @) in the Pauli basis, then

A2 = 2 (Vag Tl + v ay @) o0+ 5 (Vo + 18— Vao 1) 5

|d
(4.2.13)

Lemma 4.2.4. Let A, B € Hs(C). Then we have AB + BA € Hy(C) and ABA €
Ho(C). Moreover, in the Pauli basis,

1 1 -, —
§AB + §BA = (aob() + a- b)O’O + (aob + boﬁ) i
and

141/2.8141/2 = (aobo + a- 5)0'0+
bod —Jaz—ae) (b = by/a2 — |d?| - 4.
o (oo ) (5 gy ) g+ 0 -
Lemma 4.2.5. For A, B € Hy " (C) we have ABA € Hy*(C). However, AB+ BA
is not necessarily in Hy ™ (C).
Lemma 4.2.6 (Trace properties). We have
tr(AB) >0 VA, BeH)"(C) 4.2.14)
tr (A* + B?) > 2|tr (AB)| VA, B € H(C) 4.2.15)

(

(
0<tr ((AB)?) < tr (A2B2) < 2tr (A%) tr (B?) VA € Hy(C), B € H2*(C).

(4.2.16)

Proof. Relation (4.2.15) follows from

0<tr((A+ B)?) =tr (A*>+24B+ B*) = tr(A’>+ B?) > —2tr (AB)
0<tr((A—B)?) =tr (4>~ 2AB+B?) = tr(4A*+ B%) >2tr (AB).

To prove (4.2.16), let A = (a;;) and B = (b;;), then a;; stands for the complex
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conjugate of a;;. Further, let 6 be a unitary matrix, 06" = oy, such that 6*B0 is

diagonal. One has
tr ((AB)?) = tr (66" A6G' B)?) = tr (9" 0" BOG' AGG BY) = tr ((A'Bly)?) .

Here, A’ = 0" A0 = (a};) with (a};) € R, and By, is a diagonal matrix with eigenvalues
(b,) € RT. We obtain

tr (AB)?) = tr ((A'Bp) Z aly bl bl Z |al |20 b > (4.2.17)
which gives the first inequality in (4.2.16). The second inequality follows from
((A'By) Z |20, b < Z !, 262 = tr (A’233> (4.2.18)

The third inequality in (4.2.16) follows from the fact that A? and B? are positive

hermitian matrices. O]

4.3 Preliminaries

4.3.1 Spin-coherent semiclassical electrons

The state of a spin-coherent semi-classical electron system is characterized by the
distribution matriz F : RT x RIxRY — Hy " (C). Here, t denotes the time and z and
k are the respective variables for position and momentum (more precisely, & stands
for an electron’s wave vector and Ak for its crystal momentum). The phase space of
the electron system is RY x RY = R?? where d is the number of space dimensions.
In the Pauli basis the distribution matrix is written as F' = (% fos f) The coeflicient
fo(t,x, k) = tr (F) is the scalar distribution function of the electrons ignoring the
spin. The vector f| (t,z, k) = tr (GF) represents the vector spin polarization of the
electron system and A, f is the electron spin density at (¢, z, k) € R* x R??. The two
eigenvalues of F', denoted by fi = % fo £ | ﬂ, stand for the distribution functions of
clectrons with spin in the direction +f/|f] and in the direction — f/|f], respectively.
These directions, determined by the distribution matrix itself, define the z-axis of
a coordinate system in spin space in which F' is diagonal. This coordinate frame
defined by f/|f] depends on (¢, 2, k) € RT x R2. Since it is our purpose to describe
the spin-coherence of electrons with respect to a given field Q(t, x, k) in spin space,
it is preferrable to work in a coordinate frame independent of (t,z,k) € Rt x R
and to keep track of the direction f/|f] therein.
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The energy density of the system in the state F' is computed from the Hamilton
matriz H : RY x R* — H,(C). We write this matrix as H = H, + H,,, where H,

is called the band matriz and H,, denotes the spin-orbit matriz, given by

Hy(t, z, k) = ho(t, x, k)oo + A(t, z, k)t z) - & (4.3.1)
Hyo(t,z, k) = hyolt, z, k) - 3. (4.3.2)

Here, ho : R* x R2 5 R, A : RY x R 5 R, ( : Rt x R2 — §2 (the unit sphere
in R?) and A, : RT x R? — R3. The eigenvalues of H, read hy; = ho + |A| and
he, = ho — |A|. For fixed ¢ and z, they represent the two different transport bands
eligible for spin-coherent electrons. We refer to the band 744 as the up-band and
to hy, as the down-band, respectively. The band gap is given by 2|A|. The unit
vector () shall play the role of the local direction of magnetization in a ferromagnet,
therefore it depends on ¢ and x but not on the momentum k of the electrons. The
distribution functions f; and f| in the up- and in the down-band are given by the
orthogonal projection Il : Ha(C) — R of F on the eigenspace associated to the

respective eigenvalue of Hy,

fr=T(F) = <%(Uo +Q- 6>,F> = %fo +Q-f (4.3.3)
2

Jo=T(F) = <%(00 -a- 6>,F> = h—G-f (4:34)
2

A possible absence of spin-coherence is reflected by
+f |8 < [F H)=0. (4.3.5)
In this case, the equations (4.3.3) and (4.3.4) yield f; = 1 fo £ |f| and f, = 1foF |f|

where | ﬂ is the usual scalar spin polarization in two-component models.

The matrix H, stands for contributions to the electron energy arising from the
spin-orbit coupling that electrons experience when moving through a crystal lattice.
The field Eso may, for example, contain terms like the Elliott-Yafet, the D’yakonov-
Perel’ or the Rashba spin-orbit couplings [4]. The separation of H into Hy and Hy,
was made in order to single out the field Q, which plays a central role in the theory

developed in this work. The total Hamilton matrix reads
H = Hy+ H,, = hooo + I - &, (4.3.6)

where h = ()\ﬁ + FLSO) is called the pseudo-exchange field.

Given a distribution matrix F', the energy F : RT x R?® — R of the system at
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(t,z, k) is obtained by

—

E(t,x, k) = (H,F), = ho(t,z, k) fo(t, 2, k) + 2h(t, 2, k) - f(t, 2, k). (4.3.7)

The ballistic dynamics of the spin-coherent semi-classical electron system is de-

scribed by the matrix Vlasov equation [34, ?],

1 L
OuF + = (Viho - VoF = Voho - ViF) + %[F, h-d =0
F(t=0,2,k) = Fy(z, k) (4.3.8)

Fp(x, k) € HyT(C)  Y(x, k).

The commutator [F, h- 7] describes the precession of the spin polarization f of the
electron system around the pseudo-exchange field h. Equation (4.3.8) is obtained by
passing to the limit € — 0 (where ¢ stands for the scaled Planck constant f) in the
Schrodinger equation with the Hamiltonian (4.3.6), for the case where the modulus
|1 of the pseudo-exchange field scales with order e.! Thus, equation (4.3.8) is merely
the correct semi-classical equation for electrons in a weak exchange field h. This is
the case, for example, if the band gap A is small compared to the Fermi energy of the
electron system. To take into account scattering processes (non-ballistic transport),
we shall add collision terms at the right-hand-side of the matrix Vlasov equation

(4.3.8).

4.3.2 Spin-coherent collision operators

For a spin-polarized electron system, there are two kinds of possible collision
processes, namely the spin-conserving and the spin-flip collisions. Spin-conserving
collisions drive the velocity distribution of the electrons towards thermal equilibrium,
i.e., the Fermi-Dirac or the Maxwellian distribution, depending on the used statistics.
On the other hand, spin-flip collisions will relax the electron spin density towards its
thermal equilibrium field, which is, at each point € RZ, parallel to the local pseudo-
exchange field h defined in (4.3.6). In ferromagnets, the two processes happen at
very different timescales [17], spin-conserving collisions occurring at a much higher

frequency than spin-flip collisions.

In the present paper, we shall write seperate collision operators for each of the

IThe fact that A still appears in (4.3.8) is due to rescaling to physical variables after the limiting
procedure.
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two processes. Spin-flip processes will be modeled by a relaxation term [22],

Loy =+ <1tr (F) oo — F) | (4.3.9)
Tof Tof \ 2

where 75 € RT is the average time between two subsequent spin-flip collisions.
The focus of this work is on spin-conserving momentum scattering of electrons with
(magnetic) impurities. The essential point is that impurity potentials may look
different for spin-up and spin-down electrons and that, additionally, the latter feature
different density of states in spin-polarized materials [35]. Both effects lead to spin-
dependent momentum scattering rates. Our goal is to construct a collision operator
that, on the one hand, describes the impurity scattering of spin-coherent electrons
and, on the other hand, takes into account spin-dependent collision rates. Moreover,
the new spin-coherent collision operator must satisfy the necessary mathematical
properties to yield a well-defined theory. We state four requirements on such an

operator:
1. incorporate spin-dependent scattering rates,

2. yield a two-component Boltzmann model if

[F(t,2,k), Hy(t,z,k)] =0 Y(t,2,k) € R x R,

3. be a map with range in Hz(C),

4. conserve the positive-(semi)definiteness of F,

F(t=0,2,k) e HST(C) = F(t,z,k) e HYT(C) V(t,z,k) € Rt x R*,

Let S : R x R3 — H; (C) denote the scattering matriz, in the Pauli basis written

as
S(t,x, k, k") = so(t,z,k, kYoo + s(t, z,k, k') - 7. (4.3.10)

This matrix shall describe the rate at which spin-coherent electrons scatter from k
to k' due to collisions with (magnetic) impurities. The eigenvalues of S, denoted
by s+ and s, shall stand for the respective (scaled) scattering rates of electrons in
the up-band and in the down-band. An electron distribution F’ consists only of
non-coherent spin-up and spin-down states if it commutes with the band matrix Hy,

c.f. (4.3.5). In this case, the eigenvalues of F' should scatter at the rates sy and s,
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respectively. Therefore, it is necessary that
[S(t, 2, k, k), Hy(t, 2, k)] =0  V(t, 2,k k) € RT x R¥. (4.3.11)

We construct a linear spin-coherent collision operator @);;(F') as a sum of a gain
term Q; (F) and a loss term Q5 (F),

SQu(F) = —QF(F) - —Qp(F)  ije{12),  (1312)

where we defined 7, € R, the time between two subsequent spin-conserving collision

processes. The two basic possible structures of the gain and loss term, respectively,

read

QF (F) == / (ES’F’JF}F’S’) dx’ (4.3.13)
RZ’ 2 2

QF(F) := / S2E SR (4.3.14)
R,

_ 1 1

Qi (F) = SAF + JFA (4.3.15)

Q5 (F) := / SY2pS2dE, (4.3.16)
RY,

where we denoted F' = F(t,z,k'), S' = S(t,z,k' k), and A = [ Sdk'. The gain
and loss terms are chosen such that they conserve the hermiticity of the electron
distribution function F'. We stress that, according to (5.2.3), there are four possible
spin-coherent collision operators that fall into two categories, namely the symmetric
operators (11 respectively (Qoo, and the anti-symmetric operators ()12 respectively
(Q21. At first the different structures of gain and loss term in the anti-symmetric
operators may seem counter-intuitive or unphysical. However, in the theory of open
quantum systems [9], the well-known Lindblad equation features a product structure
similar to the operator ()o;. It is easily seen that the symmetric operators ()17 and

(022 are mass- and spin-conserving,

Qu(F)dk = | Qu(F)dk =0, (4.3.17)
R¢ R¢
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whereas the anti-symmetric operators (J2; and ()15 are just mass-conserving,
Qu2(F)dk = —/ Q21 (F)dk #0 (4.3.18)
L R,

/Rd tr (Qu2(F)) dk = /Rd tr (Qq1(F)) dk = 0. (4.3.19)

Therefore, the anti-symmetric operators contribute to the spin-flip scattering on the
time scale 7., which contradicts our assumption that spin flip processes should hap-

pen on the timescale 7,¢.

4.4 The model

Adding the collision operators (4.3.9) and (5.2.3) on the right-hand side of (4.3.8),

one obtains the following generalized matrix Boltzmann equation,

i

1
OF + = (Viho - VoF = Viho - ViF) + 5

h
F(t=0,z,k) = F,(z, k)
Fin(w,k) € Hy™(C)  V(x,k).

[FR-6) = ~Qu(F) + —Qu(F)

Tsf

(4.4.1)
Here, ho and h are the components of the Hamilton matrix (4.3.6). Equation (4.4.1)
has been investigated by el Hajj [22] for the case that S, occurring in Q;;(F’) and
defined in (4.3.10), is a scalar, S = sq09. The case S € HJ(C) is a new problem
which is the topic of this work.

4.4.1 Further assumptions

Let us summarize in this section the physical hypothesis we need for the further
development. Generalizations to these assumptions shall be treated in forthcoming

works.

Assumption 4.4.1 (Shifted parabolic bands). We treat the case of two parabolic
transport bands. Moreover, the band gap between the two spin bands does not depend

on the momentum k. Thus, in equation (4.5.1) for Hy, we assume

h2|/{?|2
=20 L v,
om TV (2) (4.4.2)

A=\t x),

ho
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where m is the effective mass of the electrons, A : RT x R — R is the k-independent

band gap and V : RT x RY — R is an external potential energy.

Assumption 4.4.1 is known in the physics literature as the Stoner model [36].
It is a crude simplification of the problem, since transport bands in ferromagnets
often do not have parabolic shape. However, the Stoner model is still a basic tool
used to understand electron properties in ferromagnets [32, 33]. In this paper, we
investigate the effects of spin-dependent scattering in the framework of the Stoner

model and leave the case of more complicated bandstructures open for future work.

Assumption 4.4.2 (Boltzmann statistics). In thermal equilibrium, the distribu-
tion matriz has the form F., = cexp (—BHy,) where ¢ € RT is a normalization con-
stant, 5 = 1/kgT is the inverse of the thermal energy and Hy, denotes the Hamilton
matriz (4.3.6) of the system without externally applied electric or magnetic fields.

From the assumptions 4.4.1 and 4.4.2 we deduce
F (v, k) = N(x)Mg(k)  with  [N(x), Hpu(z,k)] =0 V(2 k) € R* (4.4.3)

where N € Hy(C) is a hermitian matrix and My stands for the scalar Maxwellian

at thermal energy 871,

M(k) = ( pr )M exp (—ﬁfﬂ"”z). (4.4.4)

2mm 2m

Assumption 4.4.3 (Detailed balance). Let 0(A) denote the ordered spectrum of

A € Hy(C). We assume local thermal equilibrium in each band,
0(SFeq) = o(S'F,,). (4.4.5)

This assumption implies that spin-conserving momentum scattering occurs at a much
faster timescale than spin-flip scattering, so that equilibrium is established in each

band separately before the whole system reaches equilibrium.

Under the assumption 4.4.3, from (4.4.3) one obtains

/
_ / St 54 /

In (4.4.6) we see that the ratio of the scattering rates for spin-up and spin-down elec-

trons must not depend on k. We deduce sy = C(t,x)s; where C' € R*. Therefore,
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the scattering matrix S can be written as

S(t,x, k, k") = alt,z, k, k')P(t, x) (4.4.7)

P(t,l’) = 0o —|—p(t,$>Q<t,$) $ 0,

where o € RT denotes the scattering rate from k to k" at (¢,z) and P: R* x R¢ —
Ho(C) is called the polarization matriz. Note that, because of (4.3.11), the direction
of P in spin space has to be Q, the direction of the local magnetization. Moreover,
the parameter p, which satisfies 0 < p(t,z) < 1, represents the spin-polarization of

the scattering rates, whose ratio C'(¢,z) is now given by

1+ [p(t, @)

S =
T p(t, @)

Further, by inserting the eigenvalues of S written in (4.4.7) into (4.4.6), one can
define the function ¢ which is symmetric in k and &’ as
alt,z, k, k')  a(t,z, k' k)

ot ke, k') = R R — o(t, 2, K k). (4.4.10)

4.4.2 Symmetric collision operator for the Stoner model

In the present paper, we shall perform the diffusion limit with the symmetric

operator (Q93 and denote it simply by Q(F),

Q(F) == Qua(F). (4.4.11)

From (4.4.7), (4.4.8) and (4.4.10), one deduces the collision operator (4.4.11) in the

Stoner model,

Q(F) = PV2K(F)PY?, (4.4.12)
where
K(F)(k) :== KT(F)(k) — K~(F)(k) = Mg / | OFAR = P (4.4.13)

Here, A = fRd ¢M;dk’ denotes the collision frequency.
kl
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4.4.3 Scaled model

The next step is to scale (4.4.1) in a way suitable for performing the diffusion

limit. The main assumption is that the time scales 7. and 7, are very different,

LTy = =, /TT—C <1 (4.4.14)
sf

Here ¢ is a small parameter intended to go to zero. Let © = (3m)~/? denote the
thermal velocity of the electrons. The length scale [ we choose is the geometric

average of the two occurring mean free paths [, = 7.0 and [;; = 7540, respectively,

[ =/l (4.4.15)

The characteristic time, momentum and energy scales are chosen as

f=1y k= % E=p" (4.4.16)

Applying the scaling (4.4.15)-(4.4.16) to (4.4.1) with the collision operator Q;;(F) =
Q2 (F) = Q(F), Q(F) given by (4.4.12), then multiplying by 7,; and subsequently
inserting (4.4.14) leads to the diffusion-scaled matrix Boltzmann equation (now in
dimensionless variables ¢, z and k). The scaling of the pseudo-exchange field h =
()\Q + ﬁso) is crucial for performing the diffusion limit. In this work, we assume the
weak coupling A/E = O(e2) and |hy|/E = O(¢%). Thus, under the hypothesis of
the Stoner model (4.4.2), the scaled Hamilton matrix (4.3.6) reads
c I 27 =

He(t,x, k) = (— + V(t,x)) oo +eh(t,x, k) o

2 (4.4.17)

Wtz k)« = Q(t, ) + hylt, z, k),

where we defined V := V/E and hew = hay /E. Using the scaled Hamilton matrix
(4.4.17) leads to the following scaled version of (4.4.1),

O+ LT(F) il 7] = L0 + Qu(P)
F(t=0,2,k) = Fip(x,k) (4.4.18)
Fi(x, k) € HyT(C)  Y(x,k),

where the transport operator 7 (F*) is defined by

T(F5) =k -V, F° —V,V-V,F* (4.4.19)
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and the scaled collision operator Q(F*) is given by (4.4.12) and (4.4.13) where Mg
is to be replaced by the scaled Maxwellian,

M(k) = (%)m exp (-@) (4.4.20)

The aim of the present work is to go to the limit € — 0 in equation (4.4.18) in order
to obtain a macroscopic model, more suitable for numerical simulations. Therefore,
we shall make a Hilbert ansatz F° = FO+eF! 4+ &2F? 4 ... of the solution and sort

the appearing terms in powers of €. The obtained equations read

Q(F") =0 (4.4.21)
Q(F") =T(F°) (4.4.22)
Q(F?) = 8, F° + T(F") +i[F°, ] - 5] — Qus (F©). (4.4.23)

Let us summarize now the main steps of this work.

4.4.4 Contents of the paper

Section 4.5 deals with the analysis of the generalized matrix Boltzmann equa-
tion (4.4.1). We prove existence and uniqueness of a weak solution. Moreover, it is
shown that the solution F' satisfies the maximum principle when the anti-symmetric
collision operator Q91(F’) is used in the Boltzmann equation. Section 4.6 contains
the analysis of the collision operator Q(F') appearing in (4.4.18) in a proper mathe-
matical framework. In section 4.7 we present the main theorem of this work, namely
the diffusion limit ¢ — 0 in (4.4.18). Section 6.5 contains some numerical results
of the macroscopic matrix drift-diffusion equations obtained in the diffusion limit.
Some implications for physical applications such as spin-transfer torque devices or

domain wall dynamics in ferromagnets are discussed briefly.

4.5 Existence, positive-definiteness and unique-

ness of a weak solution

Let us first start by studying the matrix Boltzmann equation (4.4.1), in particular
proving the existence, positive-(semi)definiteness and uniqueness of a weak solution.
Without loss of generality the constants i and 7,y are set to one. Let us introduce

the following Hilbert space:
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Definition 4.5.1 (Hilbert space). By L3, we denote the following space,

L%, := {F : R* — H,(C)

/ |F|aM ™ dkdz < oo} (4.5.1)
R¢ JRY

associated with the scalar product and the corresponding norm

:/ / (F,G), M \dkdz  ||Fllz = J(F,F)a s  (45.2)
R4 Rd M M

where M stands for the scaled Mazwellian (4.4.20).

Assumption 4.5.2. Let hy € L=(0,T; W2>(R2)), h € (L®

loc loc

([0,T) x R*%))3 and
let us define the transport operator Tn, : D(Th,) — L3, by

Tno(F) :=Vyiho - Vo F =V ho- Vi F (4.5.3)
and where the definition domain and norm are given by

D(Tr,) = {F € Ly | Tiy(F) € L) (4.5.4)
1F By = 1 FIEs, + 1T () (4.5.5)

Assumption 4.5.3. The scattering matriz S defined in (4.3.10) is chosen in such
a way that (5.2.3) is a well-defined linear operator, Q;; : L, — LA, satisfying

Je>0s.t. ||Qij(F)||§iA < c||F||12% VF c 1, (4.5.6)

An example is given in section 4.6.

Definition 4.5.4 (Weak solution). Let h = 75y = 1 and F}, € IL?VI. For a fixed
time T > 0, a function F € L*(0,T;1L3,) is called a weak solution of (4.4.1) if it

satisfies

—/T/dx/dk: <8t\II,F>2dt—/T/dx/dk (T (), F), di+ (4.5.7)
//dx/dk: (P 5)) //da:/dk:\l/QU ), di+
//dx/dk\Ilef +/dx/dk\I/Fm

for all test functions ¥ € CL([0,T) x R* H,y(C)).

Proposition 4.5.5 (Existence/Uniqueness). Let T' > 0 be fized. Under the
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assumptions 4.5.2, 4.5.3 and with F;, € L3,, the matriz Boltzmann equation (4.4.1)
admits a unique weak solution F € L>(0,T;LA,).

Proof. Let us define the fixed point map
F:L*0,T;L3,) — L*(0,T;L%,) Fold oy e (4.5.8)

where F™% is a solution of

atFnew + 7710 (Fnew) + i[Fnew’ E . 5]_
— st<Fnew> + Q]-_(Fnew) — Qj—(Fold) (459)
Fnew(t =0, x, k) = En<x’ k;)

The first step is to show that F is well-defined. For this take F°'¢ € L?(0,T;1L3,)
and denote by G; := QF (F°4) € L?(0,T;1L3,). Let us use the decomposition of each
matrix ' € Hy(C) in the Pauli basis {09, 01,09, 03}, which means F = $f, + [
and where we denote the coefficients by F = (% fo, f) Using this decomposition,

system (4.5.9) now writes

{ OF + Tio(F) + (A + D)) F = G; (4.5.10)

_.I_
F(t=0,2,k) = Fp(x, k).
Here, A € M,(R) is the 4 x4 matrix representation of the operator i[F, FL-&] —Qss(F),

0 0 0
—1 —2hy 2h,
2hy —1 —2h,

—2hy 2h; -1

I

o O O O

and D; € My(R) is the matrix corresponding to the loss term Q;, c.f. (4.3.15) and
(4.3.16), with A € H5(C) < A = (Ao, X),

A A A A3
D, — AM X 0 O ’
A 0 A O
A3 0 0 X
)\Q /\1 )\2 >\3
)\2
b, | T R R0
oo AQo-r) r+EOe-r) Ee-n) |
3

N A1) MEOo-1) T+ FOe—7)
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where r = (A2 — |X 2)1/2. The matrix D is obtained straightforwardly from Lemmas
4.2.4 and 4.2.3. Now let Z; ,1(s) = (X(s),K(s)) denote the characteristics in the
phase space of (4.5.10) starting at the point (z,k) € R* at time t. Its components
satisfy the following system of equations,

a)(;f) = Viho(s, X (s), K(s))
P o, X(5),K(s)) (4511

X(t)=z K =k

Defining now, for each fixed (g, ky) € R?? the function

g(ta Lo, kO) = F(tv ZO,xo,k’o (t)) , Vi€ [Ov T] )
one gets the system

%9(1579007 ko) =
= (A + Dj) (t’ ZO,Io,ko (t)) g(tv Lo, kO) + é’i(t7 ZO,wo,ko (t)) (4'5'12)

g(OJ Xo, kO) - Fin(x(b k(]) .

Denoting the “evolution matrix” by R(-;s) : RT — My(C), which represents for

each 0 < s < T the unique solution of the following homogeneous system

%R(t; 8) == (A + D]) (tv 2071'07’90 (t)) R(t; S) ) vt € [S’ T]
R(s;s) = 1d,

and which satisfies for 0 < s <t < T

[|R(t; 5)|| < exp {/ (A + D) (7, 202040 (T)]| dT} <C, (4.5.13)

where C' > 0 is a constant independent on s, t, g, ky and || - || is an operator norm
in £(C%), the solution of (4.5.12) can be written as

g(t, 0, ko) = R(t;0) Fin(wo, ko) + [y R(t;8) Gi(S, 200080 (5)) ds . (4.5.14)
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Remarking now that F(t,z, k) = g(t, Z;..x(0)), one has the Duhamel formula

F(t,z,k) = R(t;0) Fy(Z.04(0))+

+/ R(t;5)Gi(s, Zian(s))ds, Y(t,x k) €[0,T] x R*¥, (4.5.15)
0

which is a solution of (4.5.10) respectively (4.5.9) and therefore of (4.4.1). The goal
is now to prove that the fixed point map F is a contraction, admitting thus a unique
fixed point F' € L*([0,T],L3,). From equation (4.5.15) we know that a solution
F € L>(0,T,1L3%,) satisfies the following estimate,

IF™(t, ez, < CllFullys, +
t
+ C/ |QF (F')(r,-,)||. dT Vte[0,T]. (4.5.16)
0 M
Squaring gives the following estimate in the L*-norm,
new 2 0
1E" | orazy < 2C | Flliz, + 2TCNQF (F ) 20,raz,:

yielding F™* € L*(0,T,L3,). To prove that F is a contraction we introduce the
following norm in L?(0,7,L3,),

T
IGIE = [ 16  l, d VG € L0, T,L3,),
where the parameter 6 > 0 shall be specified later. We estimate
| F(FP) — F(ESD|[5 = [|[FPe — F3[3
T
= [ et IRe - B, a
0
T t 9
<20 [ e [l@r ) s) - Qrr) o)y, asar
T T 9
=20 [ [ e |@r (s - @r )|y, dias
T 9 6—55 —o6T
< 20/ || F7(s) — F5'Us)|| ., ————ds
0 M
2C
< SNF - R

yielding that the parameter § can be chosen in such a manner that F is a contraction.
Therefore F admits a unique fixed point in L*([0,7],1L3,), solution of the matrix
Boltzmann equation (4.4.1). O
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Proposition 4.5.6 (Positive-(semi)definiteness). Let T > 0 be fized. Further
let p € L>°([0, T]xR?*?) and assume 4.5.2 and 4.5.5. The matriz Boltzmann equation

(4.4.1) with the collision operator Qa1 (F') conserves the positive-(semi)definiteness
of a weak solution F' € L*>(0,T;LA4,),

Fi(z, k) € HYT(CWV(z, k) € R* = F(t,2,k) € HY T (CWV(t, z, k) € [0, T] xR,

Proof. To prove this Proposition we shall show that for Fj, € HY™(C), the smallest
eigenvalue of F', denoted f_ = %fo— ]ﬂ, satisfies f_(t,z, k) > OV (t,z, k) € RT xR
For this, let us find the equation of motion satisfied by f_. Starting from

OF + Tro(F) +i[F, b - 6] — Qsp(F) + Q; (F) = G, (4.5.17)

where we defined G;(t,z,k) = QF (F°)(t,x, k), Gi(t,x, k) € Hao(C)V(t, 2, k) €
R* x R?? and taking the trace, we get

Orfo + Tho(fo) + tr (Q5 (F)) = tr(Gi) - (4.5.18)
For this we recall:
[F,h-&)=|f-&h-&]=2i(fxh)-ad. (4.5.20)

Multiplying now equation (4.5.17) with %5, taking the trace and further taking the

scalar product with f/|f] permits to get an equation for | f],
- - - 1 1
O+ TooF) + 17 4+ 510 (305 (P) - Lo = Cwiea) - L s

Subtracting (4.5.21) from (4.5.18) multiplied by % gives, for f_ =17, — ]ﬂ,
Of -+ Tao(f-) = | fl + T (Q5 (F)) = TL(Gy) (4.5.22)

where the operator II_ : H(C) — R is the projection on the smallest eigenvalue f_
of F' € Hy(C). We shall now apply the maximum principle to (4.5.22). For this, we

rewrite the equation in the form

{atf—+7710(f—)+wijf— = %ij (4.5.23)

f-(t=0,2,k) = f_in(x, k),
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where the coefficients w;; = w;;(t,xz, k) € R and v;; = (¢, z, k) € RY(t,x, k) €
R* x R?® are computed in Appendix 4.A for i,j € {1,2}. Now let Z,,x(s) =
(X(s),K(s)) denote the characteristics in the phase space of (4.5.23) defined by
(4.5.11). Using the Duhamel formula, we get the following identity for f_

f-(t,x, k) = exp (— /Ot wij(s,Zt,x,k(s))ds) Foin(Zean(0)+ (4.5.24)
* /Ot P <_ /Tt “ij(‘S’Ztmk(S))dS) Yij (T, Zt 00 (7))dT.

We see that f_(t,x, k) > OV(t,z, k) € RxR? is satisfied if v;; (¢, z, k) > 0V(¢, 2, k) €
R xR??. The coefficients ~;; for the respective choice of the gain and the loss term are
written in (4.A.9)-(4.A.12). Lemma 4.2.5 yields F° € Hy ' (C) = Gy = QF (F?) €
Ho™(C) and thus II_(Gs) > 0. However, G, = Q7 (F'%) is not necessarily a positive-
(semi)definite matrix if F°¢ € HY*(C). Additionally, we observe that one needs an
estimate for the term II_(G3) in (4.A.12) in order to check the maximum principle

for (Q22. This shall be done in a forthcoming work. In conclusion, we have
Fot z k) e Hyt(C) = otz k) >0  VY(t,z, k) € Rx R*, (4.5.25)

yielding that the collision operator (Q2; guarantees that a solution F' of (4.4.1) sat-

isfies the maximum principle. O

4.6 Properties of the collision operator Q(F)

In this section we analyze the spin-coherent collision operator Q(F’) occurring in
the scaled Boltzmann equation (4.4.18). By Im @ and Ker () we denote the image
and the kernel of (). The variables ¢t and x shall be considered as parameters in this
section and will often be omitted.

Definition 4.6.1. By L3, we denote the following Hilbert space,

Loy = {F : RY — H,(C) / |F|[sM 1k < oo} : (4.6.1)
Ry

equipped with the scalar product and the corresponding norm

(F.G), = [ (FGMak  Fly, = (FPg,  (62)
k

where M stands for the scaled Mazwellian (4.4.20).
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Assumption 4.6.2. The polarization matriz P : RT x R — HJ (C), written in the

—

Pauli basis as P(t,x) = oo+ p(t,x)Q(t,x) -7, is a hermitian, positive-definite matriz
with |G = 1. Its eigenvalues are py = 1+ |p| and p, = 1—|p| where 0 < |p| < 1. The
scattering rate ¢ € L™(R*®) is symmetric in k and k' and is bounded from above

and below,
0< g1 <Pk, k) < g < 00 Vi, K . (4.6.3)

Proposition 4.6.3 (Spin-coherent collision operator). Under assumption 4.6.2,
the spin-coherent collision operator Q : L3, — L3, written in (4.4.12), with the
scaled Mazwellian (4.4.20), satisfies the following properties:

i) Q: L3 — L3, is a linear, self-adjoint, continuous and non-positive operator.
ii) Conservation of mass and spin:
g Q(F)dk=0  VF e L3, (4.6.4)
i
iii) The kernel of @ has the form

KerQ={F € L3,|3N € Hy(C) s.t. F = NM} (4.6.5)

and we have

(KerQ)* = {F € L3,

00
I ) | —

w) Let P : L3, — Ker Q be the orthogonal projection operator on Ker Q. Then we

have the coercitivity relation

3d > 0s.t. —(Q(F), F)gz, 2 d||F = P(F)|lz, VF € L3, (4.6.7)

m =

v) The image of Q is closed and we have Im Q = (Ker Q)*. Further, the equation
Q(F) = G has a solution in L3, if and only if G € Im Q. The solution is moreover

unique in (Ker Q)*.

Proof of Proposition 4.6.3. First we show that Q : £3, — £3, is a well defined
operator, i.e. F € L3, = Q(F) € L3,. For this, we shall show

Je> 05t (JQUPe, <cllFIf  VFeLd, (4.6.8)
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Using Lemma 4.2.6 and tr (P)2 < 1 one obtains
||Q(F)||§% = / tr (Q*(F)) M™'dk < / tr (P°K*) M~'dk (4.6.9)
R} Ry

< 2/ tr (P)*tr (K)> M~tdk < 2/ tr (K)° M~ 'dk.
RY R

d
k

By using tr (K?) = tr (KT — K7)?) < 2tr ((K™)? + (K™)?), which follows from
(4.2.15), in (4.6.9), then applying the Cauchy-Schwartz inequality and Assumption

4.6.2, one obtains

2
1Q(F)[z, < 4/ Mtr < OF dk) dk+4/ Nt (F?) M~ dk
R4 R¢,

4 [ Mtr
R¢ ]Rd
Jak:

< 2 / /
4 Rthr ¢ v dk 'dk

dk + 4¢2 wr (F?) M7k

) dk + 4¢>2 wr (F7) M7k
tr (

< 4¢3 / tr (F’2) M~ 1dk’+4gb2 F?) M~dk
RZ

k/

2

which proves (4.6.8). Let us continue with the proof of Proposition 4.6.3.

i) The linearity of @ : £3, — L3, is obvious. Since we already proved the in-
equality (4.6.8) we know that @ is a bounded operator and therefore continuous.

The self-adjointness follows from

(Q(F),G) . =tr Q(F)gdk:tr / ¢P1/2(MF’—M’F)P1/2£dk/dk
M RZ ./\/l Rd Rd M

1 a F G G
= ——t ' pl/2 pl/2 — = ) dK'dk.
2 r/Rd - PMM (M’ M> (M’ /\/l)

Lemma 4.2.6 gives the non-positivity of Q : £3, — L3, by regarding

/ 2
(QF), F)p = —% /Rd 5 GMM'tr ((PW (% — %)) ) dk'dk < 0.
k (4.6.10)
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it) is trivial by integrating (4.4.13) over k.

i11) Assume that F' lies in the Kernel of Q, F' € Ker@Q = Q(F) =0
= (Q(F),F)E?\4 = 0. One obtains

! 2
(QUF), F)p = —% /Rd 5 SMM'tr <(P1/2 <f—4 - %)) ) dk'dk =0

VF € Ker Q.

From equation (4.2.17) we deduce that, for any F' € Ker @), the above expression is
zero if and only if F'/M' = F/M = 0Vk, k', because P is strictly positive definite.
This condition is fulfilled if and only if FF = NM with N € H5(C) independent
of k and k’. Conversely, it is verified easily from (4.4.13) that I = NM implies
QF)=0=F € KerQ.

By definition (Ker Q)- = {F c 53\4‘ (F.G)p =0YG € KerQ}. This leads
to

(F,NM) g = tr (N/ de) =0 VN € H,(C)
R{

— Fdk = ( 8 8 ) VF € (Ker Q)*.

d
Rk

i) Since Q : L3, — L3, is linear and continuous, Ker @ C L3, is closed. It
follows the existence of an orthogonal projection P : L3, — Ker @ and further
L%, = Ker Q &+ (Ker Q)+ where @+ denotes the direct orthogonal sum with re-
spect to (-, -)53\4. We want to show that

3d > 0s.t. —(Q(F), F)gz, 2 d||F = P(F)|z, VF e L3  (4.6.11)

M=

The case F' € Ker(@ is trivial because then Q(F) = 0 and P(F) = F. Let
F € (Ker@)*. Then we have to show that —(Q(F),F)% > c||F||£3M Equa-
tion (4.6.10) yields

’ 2
—(Q(F), F), = %/Rd g PMM'tr ((Pl/2 </\% — %)) )dk’dk. (4.6.12)

From equation (4.2.17) and the fact that the smallest eigenvalue of P reads p; =
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1 — |p| (Assumption 4.6.2), we deduce

(o (5 ) 2o £))

Inserting this relation into (4.6.12) yields

/ F/ F ? /
¢1(1—|p|)tr/Rg [, (M‘H) dk'dk =

F"? _FF FF n F?
M2 MM MM M?

— o =lpher [

Ry

)dk"dk‘ =
a JR

F2
=¢(1— ]p|)tr/RZ ﬂdk,

MM’ (

where the last line follows from (4.6.6).

v) First we show that Im @ is closed. Let G,, := Q(F},) be a sequence with F,, € £3,
and G,, € ImQ so that G, — G € L}, as n — 0o. One has to show that G € Im Q,
i.e. there exists F' € L3, s.t. Q(F) = G. To any sequence F,, € L}, one can
construct H, := F, — PF, with Q(H,) = Q(F,) = G,. One has H, € (KerQ)=*
and therefore the coercitivity relation (4.6.7) yields

- (Q(Hn - Hm)v H, — Hm)LQ >c ||Hn - Hm“igw :

“ =

We also have
||Q(Hn> - Q<Hm)||53w ||Hn - Hm“ﬁgvl Z - (Q(Hn - Hm)7Hn - Hm)ggvl
and therefore
1
E ||Gn - GmHL’j’\A > ||Hn - HmHLiA :

Since {G, }nen is convergent (and thus a Cauchy sequence in £3,) one obtains that
{H,}nen is a Cauchy sequence in L£3,. But £3, is complete and therefore H, —
H € L3, as n — oo. Because @ is continuous, Q(H,) — Q(H) as n — oo and we
assumed that Q(H,) = G,, — G € L3,. One obtains Q(H) = G with H € L3,.

We now prove that Q(F) = G has a unique solution F' € (Ker Q)*. It is clear
that for G € I'm @ there exists a solution F' € £3,. Let F' € L3, be such a solution,
then (F — PF) € (Ker Q)* is also a solution. Suppose that there are two solutions
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F,, F, € (KerQ)*, F, # F, such that Q(F,) = Q(F;) = G. One obtains

QF,-F)=0 = F-FKLcKerQn(KerQ*={0} = F,=FE5.

4.7 Diffusion limit

In this section we shall finally investigate the diffusion limit ¢ — 0 of the matrix
Boltzmann equation (4.4.18) in order to obtain a macroscopic model, which is used

in the next section for some numerical experiments.

Theorem 4.7.1 (Diffusion limit). Let Ty : Ho(C) — (H2(C))? denote the follow-

ing transport operator:
Ta(N) := (=V,V(x) — V,)N(z).

Under the assumption 4.6.2, in the limit € — 0, the solution F*© of the matriz Boltz-
mann equation (4.4.18) converges weakly to F° = N(t,z)M(k) where N(t,z) €
HyT(C)VY(t,z) € RT x R and M stands for the scalar Mazwellian (4.4.20). More-
over, N satisfies the following drift-diffusion equation,

ON +Vy-T+i|N,(Q+ ) - 5] - %tr(N) oo+ N = 0. (4.7.1)
The current density J € (Ho(C))?¢ reads
J = DA(N), (4.7.2)
where the diffusion matriz D € R™? is given by
D= / k& 0(k)dk, (4.7.3)
Ry
with 0(k) € RYVE € RY being the unique solution of

S(MO — MO = —kM (4.7.4)

d
R%,

that satisfies fRﬁ 0dk = 0. The matriz A(N)(t,z) € (H2(C))4V(t,x) € RT x RZ is
given by

A(N) = P7Y2T(N)P~1/2, (4.7.5)
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The term é’so in the commutator of (4.7.1) stems from the spin-orbit contribution to

the pseudo-exchange field,

Golt,x) = [ M(k)hgo(t, z, k)dE. (4.7.6)

R{
Remark 4.7.2. By expressing J given in (4.7.2) in the Pauli basis, J = (%jo,j>
with jo € R and ; € R? x R3, one obtains a coupling between ng € R and 71 € R3,
the charge- and the spin degree of freedom, respectively. Writing N = (%no, ﬁ) and

for simplicity assuming that 550 = 0, the charge and spin currents read

D
1—- !pl2

P VIR + (1~ VTP -8 - 2T (479

jo= | Talno) — 20Ta(ii) - ﬁ} (4.7.7)

The respective parallel and transverse components of the spin-current with respect to

the local magnetization O read

6 = = [Tt - 6 = BTato)] (4.7.9)
J- (6= {_W [ 7) — (Ta() - S| (4.7.10)

4.7.1 Formal approach

Here, we present a formal proof of Theorem 4.7.1. We consider the equations
obtained from the Hilbert ansatz for F*© written in (4.4.21)-(4.4.23). Proposition
4.6.3 yields

QUF) =0 = F°t,x k)= N(t2z)M(k) N:R" xR = H,(C).
(4.7.11)

Moreover,

T(Fdk =V,N- [ kMdk—NV,V- [ Vi Mdk=0. (4.7.12)

d d d
Rk Rk Rk

Therefore T (F°) € (Ker Q)* = Im @Q which gives the existence and uniqueness of
F' e (KerQ)* st. Q(F') = T(F°). From (4.4.22) one obtains

QFY) =T(F°) =V,N-kM — NV,V - VM = —T4(N) - kM. (4.7.13)
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To solve (4.7.13) we make the Ansatz F'' = A(t,z) - (k) with A(t,x) € (Ha(C))?
and 0(k) € R? for (¢t,z,k) € RT x R?*?. We obtain

Q(A-0) = P2APY2. [ ¢(MO — MO)dE . (4.7.14)

d
R%,

From Proposition 4.6.3 we get that

H(MO — M)A = —kM (4.7.15)

d
RY,

has a unique solution 0 € (Ker Q)" that satisfies [o, 0(k)dk = 0. It follows that
k
F' = A0 is the unique solution of Q(F*') = —T3(N) - kM if the matrix A satisfies

PY2APY? = Ty(N). (4.7.16)
Integration of equation (4.4.23) with respect to k now yields

= s 1
ON + [ T(A-0)dk +i[N,(Q+ Go) - 5] = Str (N) oo + N =0, (4.7.17)

d
Rk’

where

Goolt,) = [ ME)o(t, 2, k). (4.7.18)

R
Now we shall define, for k € R? and 6 € R?, the tensor product k ® § € R¥>*? as

Moreover, for A € (Hz(C))¢, we define A := (A, ..., A;) where the components
A; € Hy(C) for i € {1,....d}. Then we shall use the following notation for the
gradient with respect to u € R? of A € (H2(C))?, V., : (Ha(C))? — (H2(CT))dx4,

Finally, for b € R4 and C € (H2(C))¥*4, b : C € Hy(C) denotes the Frobenius
product

b:C =) 0;Cqi i ije{l,....d}. (4.7.21)
]



4.8. NUMERICAL RESULTS 103

With the preceeding definitions, the integral appearing in equation (4.7.17) can now

be written as

/ T(A-0)dk = / (k®6): V,A—A- V.0V, V]dk =
Ry

: ’

where V0 € R¥? is defined by (4.7.20). Equation (4.7.22) leads to the definition of
the diffusion matrix D € R¥*¢ and the current density J € (Ha(C))4, respectively,

—V,- : (4.7.22)

k® 8dk> A

d
k

D ::/ k © 0dk (4.7.23)
R
J = DA, (4.7.24)
where we mean
Ji=DA); =Y DyA; ;i je{l,....d} (4.7.25)
J

for the components 7; € Ha(C) of J.

4.8 Numerical results

In this section we present some numerical solutions of the spin-coherent drift-
diffusion equations (4.7.1)-(4.7.6). We will consider the one-dimensional case, d =
1, for different multilayer structures. The multilayers consist of alternating non-
magnetic (V) and ferromagnetic (F') layers, respectively. An N-layer is characterized
by O =0 (no magnetization) in its domain, thus having no spin polarization of
scattering rates, leading to P = oy in (4.7.5). By contrast, the F-layers feature non-
vanishing magnetization, Q # 0, and non-vanishing spin polarization of scattering
rates, 0 < p < 1in (4.4.8). In order to focus on the effects of p # 0 in ferromangets,
we do not take into account spin-orbit couplings and assume ﬁso = 0. Moreover, to
solve for 6 in (4.7.4), we assume that ¢ = 1/7. = const. is the same in every layer.
This leads to # = 7.kM and from (4.7.3), after rescaling, one obtains the diffusion
coefficient

T.kgT

D= 4.8.1
2 (48.1)
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where T is the temperature of the electron system and kp stands for the Boltz-
mann constant. Therefore, the rescaled, one-dimensional version of (4.7.1)-(4.7.6)

we consider now reads

9N + D3, A(N) + z% [N, G 5} L (%tr (N)op — N) -
Tsf (4.8.2)

A(N) = P~1/2 (—Z’;—‘;N — axN) P12

In the following let us denote n = /1 — |p|?. Applying Remark 4.7.2 to (4.8.2), the

system of equations to be solved becomes

( atn() +axj0 =0
2v ., = 1

O+ 0,] — —iAxQ+—i=0
h Tsf
D 0,V o,V R
Jo=— {_k Tno—amng—Zp (_k Tn—axn) Q]
U B B (4.8.3)

J = E{n <_k:BTn - &m) +(1—-mn) [(_k‘BTn - 8mn> : Q] O—
0,V -
_ g (_ ol 8$n0) Q}

where ng is the electron charge density and 7 is the non-equilibrium spin density.

\

Initial and boundary conditions are specified for each of the investigated problems
separately in the respective subsections. At interfaces between domains with differ-
ent sets of parameters we require continuity of the densities ngy respectively 77 and
of the currents jo respectively j. We use a standard Crank-Nicolson finite difference
scheme to solve the system (4.8.3) in a three-layer and in a five-layer structure. In
addition, charge and spin transport through a magnetic domain wall, which is es-
sentially a rapid change of the direction of magnetization Q) over some nanometers,
is investigated. For all simulations, in the equations (4.8.3), we set D = 1073 m?s™ 1,
kgT = 0.025eV and 74y = 107'?s. Moreover, we set 2y7s;/h = 4.0 for the simula-
tions of the five-layer structure, c.f. section 4.8.2, and 2y75¢/h = 20.0 for the domain
wall simulations, c.f. section 4.8.3. These parameter values are in the range of the

parameters cited in [17]. The injected charge density is always ng = 1.0.

4.8.1 Three-layer system: N/F/N

The first system we investigate is composed of three layers, each of which has a
thickness of 400 nm, thus the total thickness is L = 1200 nm. The structure is non-
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metal/ferromagnet /non-metal where the interfaces are located at x; = 400 nm and

29 = 800nm. In the three different domains, we choose the following parameters:

0

ze0,x]): Q@)= 0|, px) =0, (4.8.4)
0
0

e (x,2): Q)= 0|, p)=const., (4.8.5)
1
0

x € (xo, L] : Qz)=1 0|, plz)=0. (4.8.6)
0

We apply a constant electric field that is given by —AV/L. The system (4.8.3) is

subjected to the following initial and boundary conditions:

(no(t =0,2) =1.0 Va € (0, L]

n(t=0,2)=0 Vze(0,L]
no(t,x =0)=1.0 WVt

no(t,x =L)=1.0 WVt (4.8.7)
0,1 (t, x) =0 WVt
=0
O,7(t, x) =0 Vvt
\ z=L

The system (4.8.3), (4.8.7) is solved on an equally spaced grid with 50 points in
cach layer. The time step was set to 0.005 7. Grid spacing and time step were
chosen such that further refinement did not change the results. We conducted two
series of simulations. The results, representing steady state solutions obtained after
running the system (4.8.3) for long enough time, are depicted in Figures 4.1 and 4.2,
respectively. In the first series, we set AV = —1.0V and vary the parameter p of the
scattering polarization in the ferromagnet. The discontinuity of p (and Q, respec-
tively) at the interfaces between the magnetic/non-magnetic layers acts as a source
of non-equilibrium spin-polarization in z-direction as soon as a voltage is applied.
This so-called ’spin injection’ is a well known property of magnetic/non-magnetic
multilayers [26]. In our new spin-coherent model, it arises from the particular form
of the charge current density jy in (4.8.3). Consider the N/F interface at z = z; in
Figure 4.1. Under an applied bias 0,V < 0, when there is no initial spin polarization
of the current (77 = 0) and ng(z) = const. Vz, the ’inflow’ j; (x;) into the interface

from x < z; is smaller than the 'outflow’ j (z;) into x > z; because n* = 1 —p? < 1



106 CHAPTER 4. DIFFUSION LIMIT OF THE MATRIX-BOLTZMANN EQUATION

when p > 0. In steady state we have j, (1) = j4 (z1), thus the discontinuity of
has been compensated by a decrease of the charge density ng in the ferromagnet,
which, by the equation for the spin current j in (4.8.3), leads to a non-equilibrium
spin polarization @ at x = x;. This is a rather simplified yet intuitive explanation
of what happens at the interfaces, however, the actual coupling between ny and 7 is
more complicated and is only obtained from the self-consistent solution of (4.8.3).
The broadening of the peaks of 77 = (0,0, n3) at the interfaces is due to spin diffusion,
that is, the created spin density decreases exponentially away from the interfaces on
the scale of the spin diffusion length, which is of the order of 100 nm. The peaks at
the interfaces are asymmetric because the electric field drives the electrons carrying
the non-equilibrium spin polarization from left to right. Curves with higher peaks
of ng correspond to larger values of p and steeper slopes of ng at x = x;. Note that
in the domain x > x5, one finds a significant reduction of the charge density ng

for large scattering polarizations, 0.6 < p < 1. In the second series of simulations,

0.2_ B S
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- 0
3
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2
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Figure 4.1: Simulated charge density no—1 and non-equilibrium spin density 7 = (0, 0, n3)
in a three-layer structure (non-magnet/ferromagnet/non-magnet) with applied voltage
AV = —1.0V for different values of the scattering polarization parameter p in the fer-
romagnet. The magnetization in the F-layer is in the z-direction, = (0,0,1).

depicted in Figure 4.2, we set p = 0.33 in the ferromagnetic domain and vary the
applied voltage AV. Again, curves with higher peaks of ng correspond to larger
values of AV and steeper slopes of ng at * = x;. With increasing applied bias,
the peaks become more and more asymmetric and the decay length (spin-diffusion
length) of n3 becomes larger.
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4.8.2 Five-layer system: N/F|/N/F,/N

The second system under consideration is a five-layer system with total thickness
L =900 nm. Sandwiched between two non-magnetic contact layers (200 nm each),
we put two magnetic layers with a thickness of 200 nm and different directions of
magnetization O, and QQ, respectively, which are separated by a thin non-magnetic
spacer layer of 50 nm. We have interfaces at 1 = 200 nm, x5 = 400 nm, z3 = 450 nm

and x4 = 650 nm. The five domains have the following properties:

0

re0,x]: Q) =|0 |, pk) =0, (4.8.8)
0
0

ze(z,a): Q@) =| 0 |, pi(z)=const., (4.8.9)
1
0

ze(zy2s): Q)=| 0|, pa) =0, (4.8.10)
0
0

v (vg,aq): Oo(x)=| 1 |, pox) = const, (4.8.11)
0
0

r € (xy, L] Qz)=| 0 |, plx)=0. (4.8.12)
0

The system (4.8.3), (4.8.7) is solved on a grid with 30 points in the 200 nm layers
and 10 points in the 50 nm spacer layer. The time step was set to 0.01 75¢. Grid
spacing and time step were chosen such that further refinement did not change the
results. The applied voltage is AV = —1.0V and the scattering polarization in
both magnetic layers is p = p;1 = po = 0.33. The steady state of this system is
depicted in Figure 4.3. As in the three-layer case, c.f. section 4.8.1, the interfaces
x1-x4 act as sources of non-equilibrium spin polarization. In the 5-layer setup, the
Fi-layer leads to a spin polarization in z-direction whereas the Fy-layer causes a
spin polarization in y-direction. Moreover, the non-magnetic spacer layer is thin
enough such that a non-vanishing component of 77 perpendicular to O, arrives at the
interface z3 = 450 nm. The perpendicular component then rotates around O, and
decays on a length scale that is determined by the strength of the exchange coupling

2v7,/h which was set to 4.0 in this simulation.
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Figure 4.2: Simulated charge density no—1 and non-equilibrium spin density 7 = (0, 0, n3)
in a three-layer structure (non-magnet/ferromagnet/non-magnet) for different applied
voltages AV. The scattering polarization in the ferromagnet is p = 0.33, the magne-
tization in the F-layer points in the z-direction, (0 = (0,0, 1).
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Figure 4.3: Simulated charge density mg — 1 and non-equilibrium spin den-
sity 7 = (ni,n2,n3) in a five-layer structure (non-magnet/ferromagnet/non-
magnet /ferromagnet /non-magnet) with applied voltage AV = —1.0V. The scattering

polarization in the two ferromagnetic layers is p = 0.33. In the Fj-layer the magnetization
points in the z-direction, £ = (0,0, 1), whereas in the Fh-layer the magnetization points
in the y-direction, Qs = (0,1,0).
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A perpendicular component of the spin density with respect to the local mag-
netization can lead to magnetization dynamics if the current density jo is large
enough [37, 38, 39]. This so-called ’spin-transfer torque’ is the subject of ongo-
ing research in the field of microelectronics [6, 7]. The spin-coherent drift-diffusion
model developed in this work, when coupled to an equation of motion for 9] (e.g.
the Landau-Lifshitz equation [40]), is a possible approach towards a better under-
standing of these processes. As is demonstrated in Figure 4.3, our model has the
advantage that it accounts for creation of non-equilibrium spin polarization at each

interface in a multilayer structure.

0.4 T T T T T |

charge- and spin density [a.u.]

|
0 20 40 60 80 100 120
(nm]

Figure 4.4: Simulated charge density ng — 1 and the parallel and perpendicular compo-
nents, n| and n, respectively, of the non-equilibrium spin density 7 with respect to the

local magnetization Q(:U) for different values of the scattering polarization parameter p.
The respective magnetizations in the two F-domains are constant and anti-parallel and
a domain wall was realized in the Fpy-domain, where ((z) is given by (4.8.14). The
applied voltage is AV = —-0.2V.

4.8.3 Magnetic domain wall

The third system we consider is a ferromagnet with a thickness L = 120 nm. At
x = 0, the magnetization O points in the +z-direction whereas at x = L it points
in the —z-direction. In the center of the ferromagnet, between r; = 50nm and
ro = 70 nm, we place a small region Fpy, in which the magnetization ) rotates from

+2 to —z without acquiring an z—component, O () = 0V € (21, 25]. The region
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Fpw thus models a magnetic Bloch (domain) wall [8]. More precisely, we have:

0
ze(0x]: Q)= 0|, p) =const., (4.8.13)
1
0
z e (21,29): Qz)=| sin % ,  p(z) = const., (4.8.14)
cos ”g:;l)
B 0
x € (g, L]: Qx)=1 0 |, p(z)=-const. (4.8.15)
—1

The scattering polarization is assumed to be the same in all domains. In this section,
we solve the system (4.8.3), (4.8.7) but associated with von Neumann conditions for

the charge density ng at © = L,

Oxno(t, x) L:0 Vit. (4.8.16)

The von Neumann condition was chosen so that the electron charge density can
evolve freely at the right boundary of the domain. The grid has 40 points in each
layer and the time step was set to 757 -107°. Grid spacing and time step were chosen
such that further refinement did not change the results. We conducted two series of
simulations, the results being depicted in Figures 4.4 and 4.5, respectively. We plot
the respective parallel and perpendicular components of 77 with respect to the local
magnetization 3, given by n| = ii-Qandn, = |i—(7-Q)|. Figure 4.4 displays the
case where AV = —0.2V and the scattering polarization p is modulated between
0.1 and 0.7. For increasing p, one observes increasing n, and stronger variations of
n) in the Fpy domain. Moreover, large p leads to a significant difference between

the charge densities on the two sides of the domain wall.

In a second series, we set p = 0.2 and modulate the applied voltage AV between
—0.1V and —1.0V. The obtained results are displayed in Figure 4.5. Similar to
the previous case, larger applied voltages lead to larger values of n, and stronger
variations of nj in the Fpy domain. However, at AV ~ —0.7V, we observe a
saturation of the maximum value of the perpendicular component n |, hence it stops
increasing when the applied bias is increased further. In contrast, n and the offset of
ng between the left and the right side of the domain wall still increase, but at a lower
rate. This can be seen from the two curves for AV = —0.75V and AV = —1.0V. To

this point, we have not yet extracted the explanation for this behavior from (4.8.3).
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Figure 4.5: Simulated charge density ng — 1 and the parallel and perpendicular compo-
nents, n and n, respectively, of the non-equilibrium spin density 7 with respect to the

local magnetization Q(x) for different applied voltages AV. The respective magnetizations
in the two F-domains are constant and anti-parallel and a domain wall was realized in the
Fpw-domain, where Q(z) is given by (4.8.14). The scattering polarization is p = 0.2.

4.9 Conclusions

In the present work, the authors introduced four spin-coherent collision operators
that yield a mathematically well-posed matrix Boltzmann equation, describing the
spin-coherent electron transport in ferromagnetic structures and which incorporates
spin-dependent scattering rates. Existence and uniqueness of a weak solution to this
equation were shown in Proposition 4.5.5. Moreover, the maximum principle was
verified for the anti-symmetric collision operator ()97 in Proposition 4.5.6. Assuming
parabolic spin bands with momentum-independent band gap (Stoner model), further
assuming Boltzmann statistics and applying the condition of detailed balance, the
symmetric collision operator (Jo; was investigated from a rigorous mathematical
point of view (Proposition 4.6.3). We then performed the diffusion limit in the
scaled matrix Boltzmann equation, the small parameter €2 being the ratio of the
respective time scales of spin conserving and spin altering collision processes. The
obtained spin-coherent drift-diffusion equation (Theorem 4.7.1) contains a coupling

between the charge- and the spin degree of freedom of the electron system that is
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linear in the polarization p of the scattering rates. The new macroscopic model
was applied to simulate spin-polarized transport in three different one-dimensional
structures, namely a three- and a five-layer magnetic/non-magnetic multilayer and
a magnetic domain wall. The simulations show that our model can improve the
understanding of spin-polarized electron transport, which is important in spintronic
research fields such as spin-transfer torque devices and current-induced domain wall

motion.

4.A  Computation of the coeflicients w;; and ~;;

Here, we shall compute the coefficients w;; respectively v,;, i,7 € {1, 2}, appear-
ing in equation (4.5.23) for the eigenvalue f_ of the distribution matrix F. Starting
from (4.5.22) and looking at (4.5.18) and (4.5.21) we deduce

) 1 1 f
M(Q; (F)) = 5tr (Q; (F)) — St (6Q; (F)) - T (4.A.1)
The loss terms Q; (F') are defined in (4.3.15)-(4.3.16). We recall that A = [ Sd&/,
A = \gog + X-Gand F = % 000 + f ¢ in the Pauli basis. From Lemma 4.2.4 we
deduce

tr (@1 (F)) = 5t (Q3 (F)) = Shofo + X+ (14.2)
Moreover, we have
L fo s L, f
%tr (7Q5 (F)) - |—Ji| = % foX % +17] / \/$2 — |512dk + (4.A.4)
. 2
F [z~ SN
+!f/k/( )(f ﬂ) dk’.
Let us introduce the angle n between X and f via
X f § f
=5 === -, (4.A.5)
TR AR

where the second equality is a consequence of (4.3.11), stating that the direction
§/|5] of S must not depend on k’. Then, inserting (4.A.2) and (4.A.3) respectively



(4.A.4) into (4.A.1), a straightforward calculation yields

(@5 (F)) = £~ (Yo — Xl cos(n)) (4.A.6)
1 (@3(5) = £- (N = eost)) + [7lsint (o) [ (so = /s~ 5t} an
" (4.A.7)

Inserting (4.A.6) respectively (4.A.7) into (4.5.22) we obtain the coefficients w;; and
Yijs 4,7 € {1,2}, defined in (4.5.23),

1 .
W11 = W12 = W1 = Wog = ; <)\0 — |)\| COS(T])) (4A8)
1 1 =
Y11 = —I(G1) + —|f] (4.A.9)
Te Tsf
1 1 =
Vo1 = T—CH—(G2> + a| | (4.4.10)

(4.A.12)

Yig = %H(Gl) + | 7 (% — %sinQ(n) /]Rd (50 — /st — |§]2) dk’) (4.A.11)
e (33 )
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Chapter 5

NON-MARKOVIAN QUANTUM
DYNAMICS FROM ENVIRONMENTAL
RELAXATION

S. Possanner and B. A. Stickler,
published in Physical Review A, Vol. 85, Nr. 6, p. 062115, 2012

Abstract. We consider the dynamics of composite quantum systems in the partic-
ular case that the state operator relaxes towards the Born approximation. For this
we augment the von Neumann equation by a relaxation operator imposing a finite
relaxation time 7,.. Under the premise that the relaxation is the dominant process
we obtain a hierarchy of non-Markovian master equations. The latter arises from
an expansion of the total state operator in powers of the relaxation time 7,.. In the
Born-Markov limit 7. — 0 the Lindblad master equation is recovered. Higher or-
der contributions enable a systematic treatment of correlations and non-Markovian

dynamics in a recursive manner.
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5.1 Introduction

The notion of quantum dissipation and decoherence arising from system-environment
coupling is becoming increasingly important in many branches of physics such as
quantum computation [1], quantum optics [2], or semiconductor spintronics [3]. The
progress in atomic and molecular interferometry made over the last decade [4, 5, 6]
enables the testing of these important concepts of the theory of open quantum sys-
tems [7, 8, 9]. The latter is the most prominent tool for tackling such fundamental
problems as the collapse of the wave function during measurement [10, 11] or the

transition between the micro- and the macroscopic world in general [12].

The peculiar nature of quantum states (coherent, delocalized, correlated, entan-
gled) makes the treatment of non-equilibrium processes considerably more compli-
cated than in the classical case. The usual approach is to start from a closed quantum
system consisting of interacting degrees of freedom A and B. The state operator p

of the composite system AB undergoes unitary (Hamiltonian) time evolution,
Op = —ilH, p], (5.1.1)

where H denotes the system’s Hamiltonian, the square brackets [-, -] stand for the
commutator and we set the reduced Planck constant 7 = 1. In the composite state

space H = H 4 ® Hp, the most general form of the Hamiltonian H reads
H=H,1g+1,® Hg+ H;, (5.1.2)

where the operator subscript A(B) indicates an operator acting in H4 (Hg), 14 (1p)
denotes the identity and the operator H; accounts for the interactions between A
and B. Taking the partial trace, trp (-), over the subsystem B in the von Neumann
equation (5.1.1) yields the exact equation of motion for the “relevant” degrees of

freedom A, i.e.
Owpa = —i[Ha, pa) — trp (i[Hp, p)) , (5.1.3)

where we introduced the reduced state operator p, via

pa =trg(p) . (5.1.4)

In general, the reduced equation of motion (5.1.3) is an integro-differential equation,
featuring memory effects in B that cause the second term on the right-hand-side to
be non-local in time. It describes the subsystem A as an open quantum system that

exchanges energy with the environment B. In the special case of Markovian time
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evolution, memory effects become negligible and equation (5.1.3) takes on the form
(‘3tp,4 = /;/),4 . (515)

Here, the operator L is the infinitesimal generator of a dynamical semigroup [13, 14,

15]. In its most general form L is given by [16]

Lpa=—ilH, pa]

K1
| | (5.1.6)
i T 1
+ kE:o L'y (LkpALk - §LkLkpA — §PALkLk) -

where Hflf T'is an effective Hamiltonian, T’y > 0 are transition rates (channels) and
L, is an operator basis in the K-dimensional space ! of hermitian operators in H.4.
Equation (5.1.5) is commonly referred to as a master equation of Lindblad form, or
Lindblad master equation. The second term on the right hand side of the generator
(5.1.6) may account for quantum decoherence as well as dissipation in A due to
interactions with its environment B. Master equations of the Lindblad form (5.1.5)
are frequently encountered in various fields of quantum physics, in particular in the
context of quantum Brownian motion or quantum optics [18, 19, 20, 21, 22, 23, 24,
25, 26].

The Lindblad master equation is obtained by performing Markovian approxima-
tions to the exact dynamics (5.1.3). This usually means that a typical parameter
a of the composite system such as the correlation time, mass ratio or timescale
ratio, tends towards zero or infinity [7, 8, 9]. The dynamics (5.1.5) are, therefore,
only exact in the respective limiting case, which might not necessarily be a good
approximation of the physical system considered. It is, thus, desirable to study the
corrections to the Markovian case (5.1.5) which arise when the limiting parameter
mentioned above is small, but not zero (or large, but still finite). One expects to
obtain non-Markovian corrections which account for correlations between system
A and environment B. The enhanced model will be more difficult to treat, but it
should still be much less involved than a full treatment of the composite system AB.

Over the last decade, considerable effort has been put into the derivation of
non-Markovian corrections to the Lindblad master equation (5.1.5) [27, 28, 29, 30,
31, 32, 33, 34]. Two well-established approaches proved to be particularly fruitful,
i.e. the projection operator technique and the time-convolutionless projection op-
erator method. The projection operator technique results in the Nakajima-Zwanzig

equation [35, 36, 37] which is an exact equation for open quantum systems and its

1To the knowledge of the authors, rigorous proofs for the existence of (5.1.6) in the case K = oo
and for unbounded Hamiltonians H are still lacking.
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solution is comparably difficult to the solution of Eq. (5.1.1). A series expansion
of the Nakajima-Zwanzig integral kernel yields non-Markovian evolution equations
which are non-local in time [7]. This drawback is remedied by elimination of the
non-locality in time with the help of a back propagator as developed by Shibata et
al. [38, 39]. The resulting equation is referred to as the time-convolutionless master
equation and it provides the means for the derivation of time-local, non-Markovian
contributions to Eq. (5.1.5) in ascending orders of the coupling strength between

degrees of freedom A and B.

It might be interesting to note that the projection techniques described above
have been motivated by a technical point of view. The aim is to eliminate from the
von Neumann equation the irrelevant degrees of freedom B without employing any
further assumptions on the dynamics of the physical system. Subsystem B is usually
described by an arbitrary reference state x g, which is why a physical interpretation
of the results obtained appears to be difficult. Nevertheless, these methods are exact,

but difficult to treat in the general case.

In this work we present an alternative approach towards non-Markovian contri-
butions to Eq. (5.1.5). This approach is based on a particular physical picture and
is closely related to the diffusion limit of the linear Boltzmann equation in classical
kinetic theory [40, 41, 42]. In our approach, the non-Markovianity arises from the
relaxation of parts of the environment towards an equilibrium state xp on a finite
timescale 7,.. By explicitly accounting for this relaxation process by means of a re-
laxation operator @ in Eq. (5.1.1), we use a Hilbert expansion technique to derive
a hierarchy of master equations for subsystem A. In the limit 7. — 0, we retrieve
the Lindblad master equation (5.1.5). It has to be emphasized that by introduc-
ing the operator ) we depart from the exact description of the system’s dynamics.
However, this approach as well as the resulting equations of motion follow a clear

physical picture and, therefore, allow for an easy interpretation.

The paper is organized as follows. In section 6.2 we specify the physical picture of
our approach. Moreover, we introduce the relaxation operator ) and a scaled version
of the resulting equation of motion for the state operator p of the composite system
AB. In section 5.3 we employ a Hilbert expansion of p and derive a hierarchy of
master equations for the reduced state operator p4. Section 5.4 contains a discussion
of the results obtained. The paper is summarized in section 5.5 and a short outlook
for possible future work is presented. A mathematical analysis of the relaxation
operator () as well as the proof of existence and uniqueness of solutions of the
equation of motion for p can be found in the appendices 5.A and 5.B, respectively.
In App. C we explicitly compute the second order contribution to the hierarchy of

master equations obtained.
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5.2 Physical model and scaling

A common approximation to the state operator p of a composite system AB in

which subsystem A obeys Markovian dynamics is

p(t) = pa(t) ® xs (5.2.1)

where pa(t) is the solution of Eq. (5.1.5) and xp is some reference state in the
environment B. This approximation is known as the Born approximation. It clearly
depends on the physical system whether or not the state (5.2.1) represents a good
approximation to the exact solution of Eq. (5.1.1). For systems where this is not
the case, it might be desirable to have corrections to the Born approximation that
can be expanded in orders of a typical parameter a which is zero in the Markovian
limit. In order to achieve this, let us regard the Born approximation as a sort of
equilibrium state of the composite system AB and let 7. denote the corresponding
relaxation time. We shall explicitly account for the relaxation of p towards the Born

approximation by rewriting the equation of motion (5.1.1) as

‘ 1
0 = —ilH, p) + ~Qlp). (5.2.2)
Here we introduced the relaxation operator () as

Qp) :==trp(p) @ x5 —p, (5.2.3)

where trg (xp) = 1 and we remark that

trp (Q(p)) =0 Vp. (5.2.4)

In what follows the limit 7. — 0 in Eq. (5.2.2) will be denoted as the Born-Markov
limit. Hence, taking in Eq. (5.2.2) the partial traces over degrees of freedom A and
B, respectively, yields

Opa = —i[Ha, pa] — trp (i[Hr, p]) (5.2.5)
Oupi = —ilHp, ps) — tra (i[Hy, p]) + L2 (5.2.6)
where trq (p) = pp is the reduced state operator of the environment B. Although
Egs. (5.1.3) and (5.2.5) might seem to be identical on a first glance, the total state
operator p will be different in these two equations, because of the introduction of the

relaxation operator @ in Eq. (5.2.2). It depends on the particular situation whether
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Figure 5.1: (Color online) Schematic representation of an observed “System” A that
interacts with an “Environment” that consists of two parts B and C, respectively.
Subsystem B interacts with A on a time scale 7;. Moreover, on a timescale 7,
B may exchange energy (information) with subsystem C, which is assumed to be
completely isolated from the observed system A.

the Hamiltonian Hp contains interactions within the environment B or whether
these interactions have been absorbed into the relaxation term Eq. (5.2.6).

We point out that Eq. (5.2.2) does not conserve the total energy of the composite
system AB, which is, consequently, not a closed quantum system. Eq. (5.2.2) rather
resembles a configuration in which subsystem B is coupled to a third subsystem C,
which can be regarded as isolated from A. This situation is sketched in Figure 5.1.
Hence, the environment of A is a composite system BC. In this case Eq. (5.2.2)
results from tracing out the degrees of freedom C' from the total equation of motion
for the composite system ABC.

The remaining effect of subsystem C' is that it relaxes the state operator pg
to a particular equilibrium state xyp on a timescale 7,.. In the case that C is a
reservoir, i.e. features an infinite number of degrees of freedom, xp could be the
minimizer of a certain entropy functional in B. For instance, system A could contain
the conduction band electrons in a semiconductor, whereas system B describes the
lattice phonons coupled to an external heat bath C. On the other hand, one could
imagine that a probe C' prepares the state xp with a mean frequency 1/7,. Such
a scenario could be realized by two interacting spins, where one of the two spins
is constantly monitored and prepared to be in state yg. Another possible scenario
could be a composite quantum system, where subsystem A interacts solely with a
part of the total environment due to short range iteractions.

If the state xp is a pure state the corresponding state of the composite system
AB must be uncorrelated [43], i.e. of the form (5.2.1). In writing Eq. (5.2.2),
we presuppose that even for a mixed state xp, the coupling of C' to B leads to
decorrelations in AB. Thus, correlations between A and B due to the interaction

H; are gradually destroyed on a timescale 7, by the coupling of B to C.
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The aim of the following sections is to find approximate solutions to Eq. (5.2.2)
in cases where the time scale 7, is small compared to all other relevant timescales
of the system. For technical reasons which will become clear in the next section, let

us introduce the mean-field operator HZLf acting in H 4,
HAmf =trg (HyxB) - (5.2.7)
We define furthermore,
H; = H;— HY @15,

Hy:=Hy+ HYY (5.2.8)
Hyp:=H,@1p+1,® Hp,

and rewrite Eq. (5.2.2) with the help of the definitions (5.2.8):
e e 1
O = il 0]~ ilH1, ] + Qo). (5.29)

As a next step we present a scaled version of Eq. (5.2.9) which is appropriately
suited for the Born-Markov limit. For this suppose one can define a timescale 745
induced by H A as well as a timescale 7; induced by H 7. The former timescale is
a characteristic for the evolution of the isolated, mean-field-corrected subsystems A
and B, respectively, whereas the latter is a characteristic for the mean-field-corrected

interaction between A and B. The introduction of a typical parameter o < 1 via

—L = 0(a) = 0(a?), (5.2.10)
TAB TAB

t
A 5.2.11
TAB ( )
yields
o 1.~ 1
Ovp = —i[Hap, p] = —[Hr, pl + —Q(p). (5.2.12)

Equation (5.2.12) corresponds to the equation of motion (5.2.9) for the composite
system AB in the Born-Markov scaling. We remark that since a < 1, Eq. (5.2.12)
implies strong interactions between system A and environment B while the relax-

ation towards the Born approximation is the dominant process.
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5.3 Derivation of master equations

5.3.1 Hilbert expansion of the state operator

It is the aim of this section to search for an approximate solution p(® (') of Eq.
(5.2.12) with initial condition p{®(0) = p; () For small values of a this approximate
solution is supposed to be close to the exact solution p. In what follows we write
t instead of ¢ for the scaled time (5.2.11). Thus, we consider the following initial

value problem,

e T | N
0! = —ilHap, p') = ZHr, p) + Q).
P (0) = pi*). (5.3.1)

The first question of interest is whether or not the initial value problem (5.3.1) has
a unique solution. The proof of existence and uniqueness of a solution p(®)(t) on a
finite time interval [0, 7] to the initial value problem (5.3.1) is given in App. 5.B.

Let us proceed with the approximate solution of Eq. (5.3.1). We shall employ
a series expansion of the solution in powers of «, thus assuming p(® to be analytic
in o within a certain radius around « = 0. By inserting the Hilbert expansion into
Eq. (5.3.1),

= ia”pn, (5.3.2)
n=0

subsequently multiplying by o? and sorting the terms in orders of «, one obtains

the following system of equations

Q(po) = (5.3.3a)
Qp1) = [Hz, po] (5.3.3b)
Q(p2) = Owpo + i[Hap, po] +ilHi, p1], (5.3.3¢)
Q(ps) = Owp1 + i[Hap, pi] +ilHy, po], (5.3.3d)
Qpn) = Bipn—s + i[Hap, pu_s] + i[Hy, pu_], (5.3.3¢)

forn>4.

We remark that even though Eqs. (5.3.3c) and (5.3.3d) are of the general form
(5.3.3e), they have been written explicitly for the purpose of a better understanding
of the concepts elaborated in this section.

Regarding Eqgs. (5.3.3), the question immediately arises whether or not the
system is well-posed, i.e. whether or not the right-hand-sides of Eqgs. (5.3.3) lie in
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the image of the operator @, such that a solution p(®) of the form (5.3.2) can be
obtained, at least in principle. It is therefore necessary to investigate the operator
@, defined in Eq. (5.2.3), in more detail. We note in passing that @) is very similar to
one of the projection operators used in the projection operator techniques mentioned
in the introduction [35, 36, 38, 39]. However, strictly speaking it is not a projection
operator since Q? = —Q.

For the subsequent analysis, let us introduce the following notations:
e J7: space of hermitian operators in H.
e ¢, p: space of hermitian operators in H 4 p.

Moreover, let D(Q) C 5 stand for the domain of @, thus the operator @ is a

mapping
Q: DQ)— . (5.3.4)

We assume that D(Q) is a linear space (a detailed analysis of the operator @) can
be found in App. 5.A). Here, we briefly repeat the main results of App. 5.A needed

in what follows:

(i) Let Ker @ denote the kernel of (). One has
D(Q) = KerQ @ (Ker Q)*, (5.3.5)

where (Ker Q)* denotes the space orthogonal to the kernel of Q. Hence any
X € D(Q) can be decomposed into

X = xFer 4 X+, (5.3.6)

where X" € Ker@Q and X+ € (Ker Q)*.

(ii) For X*" € Ker @ one has
XEr = X, ®xp, Xa€ A (5.3.7)
(iii) For X+ € (Ker Q)* one has
trp (X*1) =0. (5.3.8)
(iv) Let Im @ denote the image of (). One has

ImQ = (KerQ)*. (5.3.9)
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(v) The equation Q(X) = Y is well-posed (and thus has a solution) if YV €
(Ker Q)*. Moreover, it has a unique solution in (Ker @)% denoted X*. Tt
follows immediately from Eq. (5.3.8) that this solution is given by

Xt=-Y. (5.3.10)

We begin now with the investigation of well-posedness of Egs. (5.3.3). We use
Egs. (5.3.6) and (5.3.7) to decompose each term p,, of the Hilbert expansion,

pn =3 @ xB+ P (5.3.11)

Moreover, we note the important property
s (i[ﬁ],pff) ® XB]) —0 V)" eusn, (5.3.12)

which is a consequence of the introduction of the mean-field operator, c.f. Eq.
(5.2.8). Let us take the trace over the degrees of freedom B in Egs. (5.3.3) and let
us, furthermore, use the property (5.3.12) to obtain

0= trp (z’[ﬁ,,pg]) , (5.3.13a)
0=0,0" +i[Hy pO1+trg (i[H;, p* 5.3.13b

tP A +Z[ Ava]+ I'p Z[ Iapl] ) ( 9. )
0= 0,00 +i[Ha, pP] + trp (z’[f[l, p;]> : (5.3.13¢)

0= (9,5/)%72) -+ i[ﬁAu p%im] + trB (Z[ﬁfapjz_fl]> )

forn >4, (5.3.13d)

where we omitted the result 0 = 0 obtained from Eq. (5.3.3a). From property (v) of
the relaxation operator () it is clear that the system (5.3.3) is well-posed if and only
if Egs. (5.3.13) are fulfilled. In what follows we shall present an inductive proof that
this can be indeed achieved. Furthermore, we shall prove that a system consisting
of the first N € N equations (5.3.13) is closed and that its solution can be computed
recursively from Egs. (5.3.3).

We know a priori that Eq. (5.3.3a) is well-posed and that its solution is obtained
as

po=pV@xs, pt=0. (5.3.14)

Assuming Eqs. (5.3.3b) to (5.3.3e) are also well-posed, we can employ Eq. (5.3.10)
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to determine their unique solutions p- € (Ker Q)+ as

pt = —i[H;, po] (5.3.15a)
py = —0po — i[Hap, po] — i[H, p1], (5.3.15b)
py = —0ip1 — i[Hap, pi] — i[Hy, ps] (5.3.15¢)
pr = —0upu—2 — i[Hap, pn—2] — i[Hr, pu_1], (5.3.15d)

forn > 4.

From Eq. (5.3.14) we deduce that Eq. (5.3.13a) is fulfilled trivially and, thus,
Eq. (5.3.3b) is well-posed. This enables us to insert the result (5.3.15a) into Eq.
(5.3.13b) to obtain

0 = —i[Ha, ] — trp ([fh, [Hp, oV XB]]) . (5.3.16)

Equation (5.3.16) is a master equation of Lindblad form, as will be elaborated later
in more detail in subsection 5.3.2. The second term on the right-hand-side of Eq.
(5.3.16) is the dissipative part; thus, let us define the “dissipator” D : D(D) C
oy — Ha,

D(X,) = —trp ([fff, (Hp, X4 XB]]) . (5.3.17)

Since X4 ® xp = X € Ker Q, the operator D can also be viewed as a mapping
from Ker @ to 4. Using the short notation (5.3.17), equation (5.3.16) reads

oy = —ilHa, p) + D (p). (5.3.18)

For now we suppose the Lindblad master equation (5.3.18) to have a unique solution.
This assumption is sufficient for completing the inductive proof of well-posedness of

Egs. (5.3.3), as will become transparent in the remainder of this subsection.

A first consequence of well-posedness of the Lindblad equation (5.3.18) is that
Eq. (5.3.3¢c) is also well-posed and, thus, that its unique solution py € (Ker Q)*
given in Eq. (5.3.15b) is valid. Inserting this into Eq. (5.3.13¢) results in

oy = —i[Ha, py] (5.3.19)
+trp (i[ﬁl, Opo + i[ﬁAB, po) + i[ﬁh P1H> .

This equation can be simplified by use of Eq. (5.3.14), the property (5.3.12), and
the result (5.3.15a) which yields

oy = —ilHa, P+ D(pY) + 81, (5.3.20)
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with _
Sl = — tI‘B (Z[H], pi?) & [HB> XB])

+trp (i[ﬁ], [ﬁl, [ﬁla PEL?) ® XB]H) :

We remark that the first two terms on the right-hand-side of Eq. (5.3.20) form
exactly the Lindblad generator from equation (5.3.18). The additional term S; does

(5.3.21)

not depend on pg) and, thus, can be viewed as a well-defined, local source term.
Hence, Eq. (5.3.20) has a unique solution. We deduce that Eq. (5.3.3d) is well-
posed and its unique solution p3 € (Ker @Q)* given in Eq. (5.3.15¢) is valid. One
can already see the evolving pattern that will result in the well-posedness of the
entire system (5.3.3). In order to complete the proof we shall proceed by induction.
Therefore, suppose that Egs. (5.3.3e) are well-posed up to order n— 1. The solution

to the (n — 1)-th order equation is then written as
ot =P D @ xB+ Py (5.3.22)
Due to Eq. (5.3.15d), pi_; is given by

pr_y = —0upu_s — i[Hap, pn_s] — i[Hr, pa_s]. (5.3.23)

The aim is now to specify under which condition the n-th order Eq. (5.3.3¢) is also
well-posed. From Eq. (5.3.13d) one deduces that this condition reads

8p0 = —i[Ha, p02] — trp (i[ﬁl, p¢_1]> . (5.3.24)
Inserting Eq. (5.3.23) into Eq. (5.3.24) yields
Oy ™ = —i[Ha, p{ ) + trp <i[ﬁ17 3t/)n—3])

—trp <[}~II, [Hap, pn_g]]) (5.3.25)

] )

Again we employ the decompositions

prs =P @ X+ Py, (5.3.26)
pns =07V @ xp+ prs, (5.3.27)

and profit from the fact that p- , € (Ker Q)* is uniquely defined by Eq. (5.3.10),
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with the result

pry = —Oipua — i[Hap, pua) — i[Hr, pu_s]. (5.3.28)

We note that we were able to obtain Eqgs. (5.3.23), (5.3.26) and (5.3.27) because we
supposed Eq. (5.3.3e) to be well-posed up to order n — 1. Moreover,

Otpn—3 = atPA ® XB + 8tpn 35 (5.3.29)

and thus property (5.3.12) yields

trp (z[ﬁf,atpn_g]) = trp (z[ﬁf,atp,f_z,,]) . (5.3.30)

The decompositions (5.3.26) and (5.3.27) are applied to Eq. (5.3.25) and one obtains,
also using Eq. (5.3.30),
atﬂ(n D= i[ﬁAa p(fz)] +1trp <i[ﬁl, at/)i{—ﬂ)
—trp ([ﬁb [Hap, P(XL_B) ®XB + P#s“)
— trg ([fh, [ﬁf,pi_ﬂ]) (5.3.31)

—trp ([Hp, [Hr, ™ @ xal])

In the last term on the right-hand-side one can introduce the definition (5.3.17) of
the dissipator D in order to obtain, finally

0y > = —ilHa, Py 21+ DY) + Suca,s (5.3.32)
where S,,_o, n > 4, is given by

San =trp | ¢ H17 atpn 3 )
Hf,pf 3) HB»XB]])

(i
(
~trp ({7, (Fas, i)
(i
(

—tI‘B
(5.3.33)
+trB Hb Hbatpn 4]])

+trg ZH[, H], HABapn 4”])

+trg (il [Hr, [Hr, paalll)

Here p- , was expressed with the help of Eq. (5.3.28). Equation (5.3.32) is called

the (n —2)-th order master equation for n > 4. It arises solely from the requirement
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that Eq. (5.3.3e) of order n is well-posed. Besides the Lindblad generator, which
has already been found in the zeroth and first order master equations (5.3.18) and
(5.3.20), respectively, Eq. (5.3.32) comprises the additional source term S,,_5. This
term depends solely on operators py, obtained from Eqgs. (5.3.3e) of order k < n — 2.
Therefore, under the premise that the Lindblad master equation (5.3.18) yields
sufficiently well-behaved solutions, Eqs. (5.3.32) are solvable up to arbitrary order
n, which proves the well-posedness of Eqgs. (5.3.3). It follows, moreover, from the
particular form of the source term S,,_» that the first n — 2 equations (5.3.32) form
a closed system of equations, in which solutions can be computed recursively. For

n = 4, the source term (5.3.33) is evaluated in App. 5.C.

5.3.2 Lindblad master equation

We shall briefly elaborate on the Lindblad master equation (5.3.18). This equa-
tion will also be called zeroth order master equation. Recalling that H 1 = H; —

szf ® 1 g, a straightforward calculation results in the following form of the dissipa-

tor (5.3.17), .
D(pY) = trp (2H poH; — Hipo — poH7)

: ) (5.3.34)
—2m oV it 4 () o0+ o) ()

We note that the interaction Hamiltonian H; can be written in the form [7]

H =) Ai®B, (5.3.35)

where A; € ¢, and B; € 3. Therefore, the mean-field operator reads
HY =" Atrp (Bixp) - (5.3.36)
By inserting relations (5.3.35) and (5.3.36) into Eq. (5.3.34), one obtains
DY) =T (QAjp(f)Ai — A A — pff)Az-Aj> : (5.3.37)
]
where the coefficients I';; are defined as
Fij = <BiBj>XB - <Bi>XB <Bj>XB : (5338>

Here we made use of the standard definition of correlation functions

(BiBj)xs = trp (BiBjxs) , (5.3.39)
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and expectation values,

(Bi)xs = trp (Bixs) - (5.3.40)

In fact, the coefficients (5.3.38) stand for the covariance of B; and B; in the state
XpB- In summary, the zeroth order master equation for the reduced system A can be

written as

+3°r, <2AJpA A= Adp) = o A,45)
]

This equation can be transformed into the Lindblad form (5.1.5) by expanding the
operators A;, A; in an appropriate basis Ly € 5. The second term on the right-
hand-side of Eq. (5.3.41) represents an energy shift induced by the mean-field ap-
proximation of the interaction between system A and environment B. We emphasize
that this energy shift has to occur in the zeroth order equation of the reduced system,
because otherwise the Hilbert expansion (5.3.2) would result in an ill-posed equation
(5.3.3b). For the same reason the coefficients (5.3.38) stand for the covariance of B;
and Bj, rather than their correlation.

5.4 Discussion

Let us briefly summarize what has been accomplished so far. The goal of the
present work was to find approximate solutions p(®) to Eq. (5.3.1) in the case that
the parameter « is small but not zero. For this, we invoked a Hilbert expansion of

the form

Za ( )®x3+pn>, (5.4.1)

where pff) ®@xp € Ker Q and p- € (Ker Q)*. We note that in this representation,
the reduced state operator reads

(@) = pl) Za" w (5.4.2)

trp (p

After inserting the ansatz (5.4.1) into Eq. (5.3.1) we required equality of the left-
and the right-hand-side of the equation in each power a™. The further requirement of

well-posedness of the resulting equations (5.3.3) gave rise to the following hierarchy
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of master equations for the p(:):

o) = Loy, (5.4.3a)
8y = LoV + 81, (5.4.3b)
o™ = LoV 4 8 forn =4 (5.4.3¢)

Here, £ is the generator of a dynamical semigroup of the Lindblad form (5.1.6),
specified in Eq. (5.3.41). The source terms S; to S,_» are given by Egs. (5.3.21)
and (5.3.33), respectively. Under the initial conditions

0

p0) =p €, (5.4.42)
PV0)=pl) €, (5.4.4b)
PP0) =4 ety forn >4, (5.4.4¢)

)

the formal solution of Egs. (5.4.3) can be obtained via Duhamel’s formula

P () = e ) (5.4.5a)
t

P (1) = Sl + / ds e" )8, (s) (5.4.5b)
0

t
P70 = el o [ dseE9S,a)
0

forn >4, (5.4.5¢)

where e“t with ¢t > 0 denotes the dynamical semigroup generated by £. Under the
assumption that the power series (5.4.2) converges for all t > 0 (which is reasonable

for small «), one can perform the sum in the results (5.4.5) in order to obtain
t
pff) (t) = eﬁtp(zz +/ ds X9 8@ () . (5.4.6)
0

Here we defined the initial values pfffg and the operator (@) as

Pl =, (5.4.7)
n=0

S :=3"a"s,, (5.4.8)
n=1

where we made use of Sy = 0. The integral on the right-hand-side of Eq. (5.4.6)

makes the non-Markovianity of the time evolution of the reduced state (5.4.2) trans-
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parent, since S(® depends on pff) in a rather complicated way. In the Born-Markov

limit o — 0, the term S® vanishes and one recovers the Markovian dynamics for
the reduced system induced by the Lindblad generator L.

In writing the formal solution (5.4.6), we note that the total state operator p(®)
of the composite system has been determined entirely. This follows from the fact
that the terms p in Eq. (5.4.1) are uniquely defined by Egs. (5.3.15). Therefore, if
the power series (5.4.1) is convergent for all ¢ > 0 (which is reasonable for small «),
it represents the unique solution of the initial value problem (5.3.1). Let us focus

briefly on the “orthogonal” terms p:-. With the definition
proi= Z " (5.4.9)
n=1

where we used that pg- = 0, we point out that the contribution (5.4.9) to the solution
(5.4.1) is traceless,
tr (p") =0. (5.4.10)

Therefore, it solely describes correlations between system A and environment B.
Moreover, it is obvious that the power series (5.4.9) vanishes in the Born-Markov
limit o — 0, thereby confirming the absence of correlations in the Markovian time
evolution.

At first glance it might seem that nothing has been gained because the evaluation
of Egs. (5.4.2) and (5.4.9) requires the calculation of an infinite number of terms.
However, provided that these power series converge, their benefits can be found in
the fact that one can successively approach the exact solution p(® of Eq. (5.3.1) until
a desired accuracy has been reached. For instance, truncating the series (5.4.1) after
two terms appears to be a valid approximation in the case that @ < 1. In general,

once the Lindblad master equation (5.3.41) has been solved for pf), the source terms

S, and thus the higher order corrections pff) and pt can be computed recursively
in order to achieve the desired accuracy. In this way, correlations between system A

and environment B can be incorporated rather easily in the reduced dynamics for

A.

5.5 Conclusion

In this work we employed a Hilbert expansion in order to obtain approximate
solutions of a von Neumann equation which was augmented by a relaxation opera-
tor (). This operator relaxes the state operator of a composite quantum system AB

towards the Born approximation on a timescale 7,. This approach resulted in the
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hierarchy of master equations (5.4.3) for the reduced state operator p4. In zeroth
order, which accounts for the exact dynamics in the Born-Markov limit 7. — 0, a
master equation of Lindblad form was recovered. The transition rates derived are
exactly the covariance functions between different components of the environmen-
tal part of the interaction Hamiltonian H; in the reference state yp. Moreover,
the discussed approach allows to systematically incorporate correlations and non-
Markovian effects in the reduced system dynamics. These effects can be calculated
recursively from the solution to the Lindblad master equation, as was achieved in
Egs. (5.4.5). Such an approach might be advantageous in physical systems for which
the Born approximation is nearly justified or for which a full treatment on the basis
of projection techniques is far to complex.

We point out that the non-Markovian quantum dynamics derived here follow
from a transparent physical picture, namely the relaxation of the total state operator
towards the Born approximation. This appears to be a reasonable scenario, for
instance, if the environment contains degrees of freedom that are completely isolated
from the observed system, c.f. Fig. 5.1. Nevertheless, the results obtained are merely

valid under three assumptions:

e the coupling of different degrees of freedom (B and C) of the environment

diminish correlations between observed system and environment,
e the Born relaxation is by far the fastest process in the composite system,

e strong system-environment interaction (singular coupling scaling).

The derived model could be enhanced rather easily by replacing the relaxation op-
erator Q, introduced in Eq. (5.2.3), by a more sophisticated dissipative term for
subsystem B; for instance by a Lindblad dissipator. However, this would result in
minor changes only, because the hierarchy (5.3.13) is a general result which does not
depend on the particular form of the relaxation operator (). This hierarchy is a mere
consequence of the complete isolation of the observed system A from the environ-
mental reservoir (or probe) C, which manifests itself in the relation trp (Q(p)) = 0.

Note added in proof. We are thankful to A. Arnold for pointing out that the
proof in Appendix 5.B of existence and uniqueness of a solution to the initial value
problem (5.3.1) is achieved by Theorem 1.1 of Chapter 3 in [44].

5.A Analysis of the operator ()

Defining for X,Y € ¢ the scalar product

(X,Y) =tr (x 2 Xx V%) | (5.A.1)
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where x € JZ satisfies

X=xa®xp, tr(x)=1, (xv,0)g >0 YveH\{0}, (5.A.2)

the space J# becomes a Hilbert space ? with the associated norm

1X]] = V(X,X) VX €. (5.A.3)

In (5.A.2), (-, )3 denotes the scalar product in H. Note that

(X’Y) = <Y7X)7
(5.A.4)
(X, X)>0,
VX,Y € 5. The positive-definiteness of (5.A.1) follows from
X,X = tr 71/4X —-1/4 71/4X —1/4
(X, X) =tr (XTI (5.A.5)

:tr(YQ) >0,

where Y = xy V41X y~Y* € 2. Moreover, (5.A.1) is linear in both arguments. We
shall further define a scalar product in 5%},

(XA, YA)A = tl”A (X;UQXAX;UQYA> s (5A6)

and denote the corresponding norm by

[ Xalla = v(Xa,Xa)a, (5.A.7)

VX4 € ) 3. For the operator Q defined in Eq. (5.2.3),
QX)=trp(X)@xz—X, XeDQ)cCH, (5.A.8)

one has the following properties:
(i) @ is linear, bounded, self-adjoint and non-positive.

(ii) For X € Ker @ (the kernel of Q) we have

X:XA®X37 XAG%. (5A9)

2In what follows we denote by . the space of Hermitian operators in #H for which || X|| < oc.
3We denote by %4 the space of Hermitian operators in H 4 for which || X||4 < oo.
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Moreover, we have

(Ker Q) = {X € D(Q) |trp (X) =0} . (5.A.10)

(iii) Let P : 5 — Ker @ denote the orthogonal projection operator onto Ker Q.
Then there exists d > 0 such that

—(Q(X), X) > d||X — P(X)]* (5.A.11)

VX € D(Q).
(iv) The image of @, denoted by Im @), is closed and we have
ImQ = (KerQ)™*. (5.A.12)
Further, the equation Q(X) = Y has a solution in D(Q) if and only if Y €

Im Q. The solution is moreover unique in (Ker Q)*.

In the following we denote,
Xa:=trg(X), (5.A.13)

and

Qa(X)=trg(Q(X)) =0, VX e D). (5.A.14)

Moreover, in what follows we shall frequently make use of the identity
(Xa®@xB,Y)=(Xa,Ya)a. (5.A.15)

We shall now prove the above statements.
(i) The linearity of @ is obvious. Let us show that @ is a well-defined, bounded

operator. For this one needs a constant ¢ > 0 such that
QI < cl[X[*, VX € D(Q). (5.A.16)
Using the identities (5.A.14) and (5.A.15) one obtains

IRX)|PP = (Q(X), Q(X))
= (Xa ® x5, Q(X)) — (X, Q(X))
= (X4, Qa(X))a — (X, Q(X))
=—(X, X4®xp)+ (X, X)
= —|IXall% + [1X]?
< [|X],

(5.A.17)
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which proves (5.A.16). Therefore @ is bounded (and thus also continous). The

self-adjointness follows from

(Q(X),Y)=(Xa® x5, Y)—(X,Y)
=(Xa,Ya)a —(X,Y)
= (Ya, Xa)a — (¥, X) (5.A.18)
= (Q(Y), X)
= (X, Q(Y))

In order to prove the non-positivity of @ we estimate the term || X 4|4 using Eq.
(5.A.15) together with the Cauchy-Schwarz inequality,

1 Xalli = (X, X4 @ x5)
< | X [ Xa @ x|

(5.A.19)
= [[XI[1[Xalla
< [1X1I°
It follows the non-positivity of @,
(QX), X) = [[Xal 3 — [IX|]* < [IX|* = [IX|* = 0. (5.A.20)
We remark that Eq. (5.A.19) implies
XeAH =trg(X)eHy. (5.A.21)
(ii) For X € Ker @ we have (Q(X), X) = 0 which can be written as
0= || XallZ — | X]?
1l = 1] .

= (X>XA®XB) - (X7X)

The solutions of Eq. (5.A.22) are given by X = X, ® xp, Xa € ) arbitrary.
Conversely,
QIXa®xp)=Xa@xp—Xa®xp=0. (5.A.23)

Moreover, for Y € (Ker Q)*, we have (X,Y) =0 for X € Ker Q and thus

(XA & XB,Y) = (XA,YA) =0 VXjp€ ). (5A24)
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Since Eq. (5.A.24) must hold for arbitrary X4 € 4 we conclude

Ya=trp(Y)=0 VY € (KerQ)*. (5.A.25)

(iii) We now prove the coercitivity relation (5.A.11). For X € Ker @) this relation
is fulfilled trivially because Q(X) = 0 and P(X) = X. Now suppose X € (Ker Q)*.
Then, according to Eq. (5.A.25),

—(Q(X), X) = —[|XallZ + X = || X7, (5.A.26)

which completes the coercitivity proof.

(iv) First we show that the image of @ is closed. Let X,, be a sequence in D(Q))
and let J, be a sequence in I'm @ such that Q(X,,) = J,. Moreover, let J,, — J as
n — oo. We have to prove that J € Im @, i.e. that there exists X € D(Q) such that

Q(X) = J. To any sequence X,, € D(Q)) one can construct a corresponding sequence
Y, € (KerQ)* by setting Y,, = X,, — P(X,,) and one has Q(X,,) = Q(Y,) = Jn.

The coercitivity relation then yields

—(Q(Yn = Y), Yo — V) > d||Y,, — Yiu|?  Vn,m eN. (5.A.27)
In addition, from the Cauchy-Schwarz inequality we have

1Q(Yn) — Qo) [ Y = Yinl| =2 =(Q(Ya — Yin), Yo — Vi), (5.A.28)

and consequently
1 1
Q1) = Q)| = Sl Ja = Il 2 [[Ya = Yaull. (5.A.29)

Since J,, is a Cauchy sequence in I'm () we obtain that Y,, is a Cauchy sequence
in D(Q). By assumption D(Q) is complete and therefore Y,, — Y € D(Q). We
already proved that @ is continuous, i.e. Q(Y,) — Q(Y). One obtains Q(Y) = J
with Y € D(Q). Thus, the image of Q is closed and we have Im Q = (Ker Q)*.

We finally prove that the equation Q(X) = Y has a unique solution X €
(Ker Q)*. It is obvious that there exists a solution if Y € Im Q. Let X be such a
solution, then X — P(X) € (Ker Q)" is also a solution. Assume that there are two
solutions X1, Xy € (Ker Q)+ such that Q(X;) = Q(Xs) =Y. Then

Q(X1) — Q(X2) = Q(X1 — X3) = 0. (5.A.30)

It follows that X; — Xy € Ker Q N (Ker Q) = {0} and therefore X; = X.
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5.B Existence and uniqueness

In this section we demonstrate the existence and uniqueness of a solution to the
initial value problem (5.3.1) on the basis of a fixed point argument. Let 0 < T < oo
and o = 1 for convenience (the proof holds for @ > 0). The following proposition
holds:

e Let (Q denote the operator defined in Eq. (5.2.3). Furthermore, let H € J#
such that the Liouville operator L(-) = —i[H,-] in . is the infinitesimal
generator of a bounded one-parameter semigroup e’ in J#, i.e. one has C' > 0
such that

e pll% < Cliplley Vpe .t e 0,1, (5.B.1)

where || - || denotes the norm (5.A.3). Then, the intial value problem

{ 0ip — L(p) = Q(p) (5.B.2)

p(0)=p;i €
admits a unique solution p € L*([0,T], 7).

In order to prove this claim we denote the norm and the corresponding scalar product

in L([0,T), 2) by
Il = / dt | p(1)] |~ (5.8.3)

and

(p0)1z = / dt (p(t), o(t)) 1. (5.B.4)

respectively. Let us now define the following fixed point map,
F: L*([0,T),2#) — L*([0,T), ), owp, (5.B.5)

where p is the solution of

{@p—L(p) +p=trg(0) ® xp (55.6)

p(0)=p; €.

In the following, we denote S,(t) = trg (0(t)) ® xp. The formal solution of (5.B.6)

reads

F(o)(t) = p(t) = eT'p(0) —{—/0 dseT (=98 (s), (5.B.7)

where 7 := L — 1. The proof is performed in two steps. First we demonstrate that

the mapping (5.B.5)-(5.B.7) is well-defined and we prove then that the mapping is a
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contraction, possessing thus a unique fixed point, solution of equation (5.B.2). From
Eq. (5.B.1) it follows that

el = e [le™pl% < Cllpl% vt € [0,T). (5.B.8)

Therefore, Eq. (5.B.7) yields

1o®]Le < VClpO) L + VE / 05 115 () |
< VT||p(0) || + VE / s 1150(5)] Lo (5.8.9)
< VENp(O) || + VT / ds [|o(3)]r

where the last inequality follows from Eq. (5.A.19),

156 ()] = [loa(s)l[a < llo(s)]].~ - (5.B.10)

Integration of (5.B.9) over ¢ results in

1pllze < TVC|p(0)]lr + TVC|lo||12 (5.B.11)

which proves that the fixed point map (5.B.5) is well-defined.

In order to show that (5.B.7) is a contraction we introduce the following norm
in L*([0,T), ),

Iolii= [ e lito (5.8.12)
For F to be contractive it is required that
|| F(o1) — F(02)|3 < kllon —oall3, k<. (5.B.13)
One obtains
1F(o1) = Flo2)lls =

T t
_ / dt o0t / ds |78, (s) — Soy(5)][1%
0 . 0 .
gc/o dte‘”/o ds ||Se, () — Soy(s)|1% (5.B.14)
T T
e / ds / dt ]S, () — So, (3)]1%
0 S

C T —Js 2
Sg ; dse HSo'l(S)_SO'2<S)HJ"f'
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Due to the inequality (5.A.19) one has

155, (5) = Sou(5)l15 = lltrs (01(s) — 02(s)) ® xsll%
= |ltrs (01(s) — o2(s)) II4 (5.B.15)

< lo1(s) = o2(s)l1% -

and this results in o
H}—(Ul)_}—(%)Hg < EHU1—U2||§- (5.B.16)

Here, § can be chosen in such a way that relation (5.B.13) is fulfilled. Thus F is a

contraction, its unique fixed point is the solution of Eq. (5.B.2).

5.C Second-order contribution

We compute the source term (5.3.33) for n = 4. For this, we need the solutions
of Egs. (5.3.3a) and (5.3.3b), namely py and pi, given by (5.3.14) and (5.3.15a),
respectively. It follows that

Opo = 875,05?) ® XB (5.C.1)
= —i[Ha, V@ x5+ DY) © x5,

and

8tpf_ = —i[ﬁ[,atpo] (5C2)
= —[Hy, [Ha, p) ® x5] — il H;, D(p})) @ x5] -

We now compute all the terms appearing on the right-hand side of Eq. (5.3.33).
Whenever possible, we make use of definition (5.3.17) of the operator D in order to

simplify the notation.

1. With the help of Eq. (5.C.2) the first term on the right-hand-side of Eq.
(5.3.33)

tes (i1, b)) = —te (1 il o) @ xo)))
+trp ([ﬁ[, [}NI],D(p(X)) ® XBH) (5.C.3)

= D(i[Ha, pV]) — DY),

where D?(-) = D(D(-)).
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2. The second term results in

— tvp ([Hr. (. pi1)) = tra (ilHp, Hap, (Hr poll])

3. In the third term we set pf;“3) — pg).

4. Equation (5.C.1) helps in evaluating term four to

twp ([Hr. [Hr. o)) =
= —tup ([ [ il o) © xs]))
+tr ([ (1, D) © o))
= D(i[Ha, py']) = D*(p).

5. We get for term five

trg (z’[ﬁz, [H, [ﬁAB,PO]]D =
— trp ([fh, [Hy,i[Ha, p] ® XBH>
+ ey (i1 [ o) @ [H. 5]
= —D(i[H 4, p))

1trp (z’[ﬁl, [Hy, oY & [H37XB]]]> :

6. Finally, term six becomes

trp (i[ﬁh [Hy, [H, pl]]]) =
= trg ([Hr, [y, (A1 [Hr ) @ xall)])

+ trp (i[ﬁ[, [ﬁl, [ﬁhpfj) ® XB]H) .

(5.C.4)

(5.C.5)

(5.C.6)

(5.C.7)



Adding the results of Eqgs. (5.C.3)-(5.C.7) gives the desired result for Ss:
Sy = —2D%(p") + D(i[Ha, p))
+ trp (Z Hy, HAB, Hfapfq) ® XB]H>
—trp < [Hip, pA> ® HB7XB])
(5.0.8)
+tI'B ('L H], H[,pA [H37XB]]]>
+ tog ((Hp, [y [y, ) @ xs)l) )

+ e (il [, [Hr, ) © xol)))
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Chapter 6

NUMERICAL STUDY OF A QUANTUM-
DIFFUSIVE SPIN MODEL FOR
TWO-DIMENSIONAL ELECTRON (GASES

S. Possanner, L. Barletti, F. Méhats and C. Negulescu,
draft version, 2012

Abstract. We investigate the time evolution of spin densities in a two-dimensional
electron gas subjected to Rashba spin-orbit coupling on the basis of the quantum
drift-diffusive model derived in Ref. [1]. This model assumes the electrons to be in
a quantum equilibrium state in the form of a Maxwellian operator. The resulting
quantum drift-diffusion equations for spin-up and spin-down densities are coupled
in a non-local manner via two spin chemical potentials (Lagrange multipliers) and
via off-diagonal elements of the equilibrium spin density and spin current matrices,
respectively. We present two space-time discretizations of the model which comprise
also the Poisson equation in order to account for electron-electron interactions. In
a first step pure time discretization is applied in order to prove the well-posedness
of the two schemes, both of which are based on a functional formalism to treat
the non-local relations between spin densities. We then use the fully space-time
discrete schemes to simulate the time evolution of a Rashba electron gas in a typical
transistor geometry. Finite difference approximations are first order in time and
second order in space. The discrete functionals introduced are minimized with the
help of a conjugate gradient-based algorithm, where the Newton method is applied

in order to find the respective line minima.
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6.1 Introduction

The purpose of this paper is the numerical study of the quantum diffusive model for
a spin-orbit system introduced in Ref. [1]. The derivation of this model is based on
the quantum maximum entropy principle [3, 4] applied to a spin-orbit Hamiltonian
of Rashba type [2]:

_n _
H= s ATV O‘hg?“f W) (6.1.1)
—ah(0, +1i0,) —TA+V

Here, (z,y) are the spatial coordinates of the 2-dimensional region where the elec-
trons are assumed to be confined, « is the Rashba constant and V' is a potential
term which may consist of an “external” part (representing e.g. a gate or an ap-
plied potential) and a self-consistent part, accounting for Coulomb interactions in
the mean-field approximation.

The Rashba effect [2, 10] is a spin-orbit interaction undergone by electrons that
are confined in an asymmetric 2-dimensional well (here, perpendicular to the z di-
rection). The spin vector has a precession around a direction in the plane (z,y),
perpendicular to the electron momentum p = (p,,p,), the precession speed being
alp|. Since it does not involve built-in magnetic fields, and hence may be imple-
mented by means of standard silicon technologies, the Rashba effect is expected to
be a fundamental ingredient for the realization of the so-called S-FET (Spin Field
Effect Transistor) [10], a “spintronic” device in which the information is carried by
the electron spin rather than by the electronic current (as in the usual electronic
devices). The use of the electron spin, as an additional degree of freedom, may lead
to electronic devices of higher speed and lower power consumption. The purpose of
this work shall be to contribute to the understanding of how the Rashba effect can
be employed in order to control the spin transport in these devices.

In standard electronic device modeling, fluid models and quantum fluid models
are expected to be a very useful tool for designers. As compared to kinetic models,
they are much more treatable and flexible from the numerical point of view. It is
therefore desirable to extend the fluid description to the spinorial case. The existing
drift-diffusive models for spin systems can be classified into two categories: the two-
component drift-diffusion models and the spin-polarized or matrix based models.
Both models have been used in practice, however their mathematical derivation is
still at the very beginning (see Refs. [8, 9] for the classical approach and Ref. [1] for
the quantum and semi-classical cases) .

In Ref. [1], in particular, a two-component quantum diffusive model for a 2-

dimensional population of electrons with Rashba interaction is derived. Let us
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summarize briefly the derivation of this model, which will be considered from the

numerical point of view in the present work.

The starting point is the von Neumann equation (i.e. the Schrédinger equation
for mixed states) for the Hamiltonian (6.1.1), endowed with a collisional term of

BGK type .
ihdho(t) = [H, o(t)] + = (0eg — 0(t)) ,

where o(t) = (g;;(t)) is the 2 x 2 density operator, representing the time-dependent

T

mixed state of the system, and 7 is the relaxation time. According to the theory
developed in Refs. [3, 4] , the local equilibrium state g, is chosen as the maximizer of
a free energy-like functional, subject to the constraint of sharing with o(¢) the local
moments we are interested in, here the spin-up and spin-down (with respect to the
z direction) electron densities ny, ny (or, equivalently, the total electronic density
ny + ne and the polarization n; — ny). Then, the maximizer, which has the form of
a Maxwellian operator, contains as many Lagrange multipliers (chemical potentials)
as the chosen moments. These multipliers furnish the degrees of freedom necessary
to satisfy the constraint equations. In our case, therefore, the local equilibrium state
contains two chemical potential, A; and Ay, which depend on n; and n, through the
constraint equations. The rigorous proof of relizability of the quantum Maxwellian
associated to a given density and current has been obtained in Refs. [5, 6] for a scalar
(i.e. non spinorial) Hamiltonian. By assuming 7 < 1 and applying the Chapman-
Enskog method, the von Neumann equation leads in the limit to the “quantum
drift-diffusive” system (6.2.1) for the unknown densities n; and ny. Apart from the
chemical potentials A; and A,, which depend on n; and n, through the constraint,
the system also contains some extra moments, namely the off-diagonal density no;
and currents Jj;, Ji;, which are computed via the equilibrium state and which
depend on n; and ny as well. Note that, with respect to the original Hamiltonian
(6.1.1), we shall work with a scaled version (see the Hamiltonian (6.2.4), which
contains also the chemical potential) in which ¢ is the scaled Planck constant and
« is rescaled as ea. This is, therefore, a semiclassical scaling with the additional
assumption of small Rashba constant. Of course, the parameter ¢ is unimportant
as long as we are not interested in the semiclassical behavior but becomes relevant

when we look for some semiclassical approximation for small ¢.

In summary, the diffusive equations (6.2.1), coupled to Egs. (6.2.3)—(6.2.7) which
represent the equilibrium state and the constraints, and associated with the Poisson
equation (6.2.2) for the self-consistent potential, constitute the quantum diffusive
model we are going to analyze numerically in this work. Needless to say, the model
(6.2.1)-(6.2.7) is rather implicit and involved, and requires a very careful numerical

treatment. The aim of the present paper is thus to present two discrete versions of
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(6.2.1)—(6.2.7) suitable for time-resolved simulation of the spin populations n; and
no in a spatially confined, two-dimensional electron gas. In both schemes the finite-
difference approximations of the occurring derivatives are first order in time and
second order in space. At the core of the numerical study of the present model is the
minimization of a functional that either maps from R3” to R (in the first scheme) or
from R*” to R (in the second scheme), where P is the number of points on the space
grid. We present an algorithm that uses a combination of the conjugate gradient
method and the Newton method in order to find the minimum of the respective
functional at each time step. The developed numerical schemes are used to compute
the equilibrium spin densities in a common transistor geometry which features a
spin-dependent potential barrier.

The paper is organized as follows. In Section 6.2, the continuous model is in-
troduced and is endowed with suitable initial and boundary conditions. In Sec. 6.3
we perform two different time discretizations of the continuous model and prove
the well-posedness of each of the two schemes. Then, in Sec. 6.4 two fully discrete
schemes (i.e. both in time and space) are introduced and analyzed as well. Finally,

Sec. 6.5 is devoted to numerical experiments.

6.2 The quantum spin drift-diffusion model

Let us start with the formulation of the quantum diffusive model introduced in
section 6.1. The model describes the evolution of the spin-up and the spin-down
densities ny and ns, respectively, of a two-dimensional electron gas by means of the

following quantum drift-diffusion equations:

(9tn1 + V . (ThV(Al — ‘/s»_'_
-+ Oé(Al — AQ) Re(Dn21) — 2« Re(nng(Ag — VS))—
- 2_a(A1 — Ap) Im(J3; —iJ35,) =0,

c (6.2.1)

8tn2 + V- (712V(A2 — V:g))"‘
+ O[(Al - A2> Re(Dngl) + 2c0 Re(nng(Al - ‘/5))‘}‘

2
4 ?O‘(A1 — A Tm(JE —iJY) = 0.

Here, V = (0,,0,), D = 0, — i0,, A; and A, denote the two chemical potentials
(Lagrange multipliers), Vy stands for the self-consistent potential arising from the
electron-electron interaction and ngy, J§; and J3| are off-diagonal elements of the
spin-density matrix and the spin-current matrix written in (6.2.6) and (6.2.7), re-

spectively. The parameter a > 0 denotes the scaled Rashba constant and € > 0
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stands for the scaled Planck constant (for details regarding the scaling we refer to

[1]). We use the following notations for the unknowns in (6.2.1),

ny n J5 A
N = ' “ ) J21 = 2t ) A= ' ) ‘/s .
No1 N9 ng AQ
The self-consistent potential V is determined by the Poisson equation,

—y?AV, =ny +ny, (6.2.2)

where v > 0 is proportional to the occurring Debye length. The system (6.2.1)-
(6.2.2) is closed through the fact that the electrons are assumed to be in a quantum
local equilibrium state at all times. This constraint allows one to relate the chemical
potential A to the spin densities n; and no as well as to the spin-mixing quantities
n91 and Jop, respectively. More precisely, if H(A) denotes the system Hamiltonian,

the equilibrium state operator is given by
Qeq = eXp(—H(A)), (623)

where exp(-) here denotes the operator exponential. In the present case, the Hamil-

tonian is given by

H(A) : D(H) C (L*(Q))* = (L*(Q))*, D(H) C (H*(Q2))*,

_e 2 iy,
) = (2o Vet A Sa(d—i0) ) (6.2.4)
—2a(0, +10y) =5 A+ Vg + Ao

where 2 C R? denotes the bounded domain where the electrons are assumed to
be confined. Moreover, we introduced two external, time-independent potentials
Vezta(x) and Vego(x) for the spin-up and the spin-down electrons, respectively.
Assuming that H(A) has a purely eigenvalue spectrum, the eigenvalues and the
eigenvectors of H(A), denoted by N\ (A) and ¢;(A) = (v} (A),v?(A)), respectively,

and solutions of

H(A)Yi(A) = N(A)i(A), (6.2.5)
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link the chemical potentials to the spin-density matrix N and to the spin-current

matrix J,

N:Ze_kl =

l R (T
l DIVYE — VYL VYR — YRV

. ( Jl 721 )
o o

The formulas (6.2.6) and (6.2.7) are the standard textbook expressions for the spin-

|7 2 %11712 ( ny ﬁ21> | (6.2.6)

Nno1 N2

density and the spin-current, respectively, corresponding to the density operator
(6.2.3). The system (6.2.1)-(6.2.2) is now closed through the non-local relations
N(A) and J(A), given by Egs. (6.2.4)-(6.2.7). It is not yet clear whether these rela-
tions are invertible, i.e. if it is possible to compute A(ny,ny). Hence, the equations
(6.2.1) can be viewed as evolution equations for the chemical potentials A; and A,
rather than for the spin densities n; and ns. Indeed, the two time-discretizations
of the system (6.2.1)-(6.2.7), which will be developed in section 6.3, represent these

two possible viewpoints regarding the evolution equations (6.2.1).

Let Q C R? be a bounded regular domain with boundary 9. All the unknowns
N, Ja1, A and V; of the system (6.2.1)-(6.2.7) are defined on the domain [0,77] x .
The index of the eigenvalues and the eigenvectors of H(A) is [ € N. We shall impose

Dirichlet boundary conditions for the eigenvectors v,
PY(x) =0 for z €09,

hence the current across the domain boundary 0f2 is zero. As we will briefly show
at the end of this section, the Hamiltonian (6.2.4) is not hermitian in (L?(Q2))? when
imposing Neumann conditions on the wavefunctions ¢ € (H?(Q))?. The study of
this problem as well as the implementation of transparent boundary conditions will
be the topic of a forthcoming work. The self-consistent potential V is supplemented

with Dirichlet conditions too,
Vi(x) =0 for z € 00.

The chemical potentials A; and A, are allowed to move freely at the boundary,
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therefore we take Neumann conditions,

V(Ai(z) = Vi(x)) - v(x) =0 for = €09,
V(As(z) = Vi(z)) - v(x) =0 for z € 0Q.

Here, v(z) denotes the outward normal to the boundary 02 at x. Considering the
initial conditions, one has two choices depending on the point of view of the evolution
equations (6.2.1). Since we do not know whether or not (6.2.6) is invertible, the safe
approach is to provide initial data for the chemical potentials. However, from the
viewpoint of device modeling, it is more appealing to start from initial spin densities.
We shall take the latter approach and assume that n,(0,z) and n2(0, ) are smooth
and bounded.

In summary, we have the following quantum spin-drift-diffusion model,

8tn1 + V- (TL1V(A1 — V;)) + Oé(Al — AQ) Re(Dngl) (628)
_2a
3

— 2« Re(’I’LQlD(AQ — V;)) (Al - A?)Im(ng - Zng) = O’

Omng + V- (neV (A2 — Vi) + a(A; — As) Re(Dna) (6.2.9)

2
4 2aRe(naD(A; — V) + §(A1 — Ay)Im(Jg —iJ%) =0,

—v AV, =ny +ny, (6.2.10)

H(A)(A) = M(A)hi(A), (6.2.11)

N WHAE wh(A) 97 (4) 6212
l MA@ P )
Ja = =2 37N (AU (A) - R ATI(A)) (6:2.13)

where the Hamiltonian H(A) is given by (6.2.4), and supplemented with the follow-
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ing initial- and boundary conditions,

ni(t=0,2) =nl(z), no(t=0,2)=nd(zx) for z€Q,

( for x € 0Q, (6.2.14)
V(Ai(z) — Vi(z)) - v(x) =0 for z €09,
(Ax(x) — Vi(2)) -v(z) =0 for x € 0N.

6.2.1 Hermiticity of the Hamiltonian

We briefly show that the Hamiltonian (6.2.4) is not hermitian in (L*(©2))? when
imposing Neumann boundary conditions on the wave functions 1 € (H?(2))?. Let

us start with

_ e APt + (Vegrn + A1t + e2aDyp?
H (A, X) (1202 z/ % g ’ de.
(H (A ) = | 0x7) ( —2 AY? + (Verz + A2)9? — 2Dy

where (-, -)(z2(q))2 denotes the scalar product in (L*(£2))?. Specifically, let us look at
the Rashba coupling terms,

/ (DU — D) da = — / (W*DXT — DY) de+
Q Q

(6.2.15)
+ [ N vy do [ L) vla) do

o9 o9
Here, the boundary terms do not vanish when imposing Neumann conditions. How-
ever, if we considered the problem in the whole space 0 = R?, the boundary terms
would vanish and the Hamiltonian would be hermitian. Considering the problem
in the whole R? means, from the numerical point of view, imposing transparent

boundary conditions for . This would be the topic of a future paper.

6.3 Semi-discretization in time

In this section we take a first step towards a full space-time discretization of the
system (6.2.8)-(6.2.14) by discretizing the time domain. The purpose of the semi-
discretization is two-fold. Firstly, since the space discretization of the present two-
dimensional spin model is quite involved, the functional formalism which will be
applied in this work becomes much more transparent in the semi-discrete case than

in the fully discrete case. Secondly, in contrast to the continuous case given by Eqgs.
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(6.2.8)-(6.2.14), existence and uniqueness of solutions of the semi-discrete system
can be proven. Two different semi-discretizations will be presented. The first one
was studied in [7] for a scalar quantum diffusive model (without the Rashba spin-
orbit coupling). We shall use some of the techniques elaborated in [7] and apply
them to the present spin model. The second semi-discrete scheme is an explicit one
which relies heavily on the ability to invert the relation (6.2.12). Its benefits lie in
the fact that, when passing to the full discretization, its treatment is far less involved
as compared to the first scheme.

We remark here that the following identities applied in Eqgs. (6.2.8)-(6.2.9) will
be helpful in the subsequent analysis,

(Ay — A2)Dnf; — 205, D(As) = D(nf (A — As)) — n§,D(A; + As) 63.1)
(Ay — A3)Dnfy + 205, D(A;) = D(nb (Ay — Ap)) + n§D(A; + As).

6.3.1 A first semi-discrete system
Suppose T' > 0 and let ¢ € [0, 7] with the discretization

T
ty =kAt, ke{0,1,...,K}, At =
Then, inspired by [7], we choose the following time-discretization of the continuous

problem (6.2.8)-(6.2.13),

ny (AR — nk
At

+ V- (VAT = V) + aRe[D(ng, (A7 — A37))]

— aRe[ns D(AF + AFT — oyk+)] (6.3.2)

2x )
— ZE (AR A T (3 - ) = 0,

no(AFL) — nk

At + V- (3 V(A7 = V) + aRe[D(ng, (A7 — A3™))]

+ aRe[nh D(AF! 4 AS+E o+ (6.3.3)

2a .
+ — (AT = AFT) Im(J2H i) = 0,
—’}/2AVZ€+1 =T (Ak+1) + ng(Ak-H) s (634)

H(AM G = X (6.3.5)



160 CHAPTER 6. NUMERICAL STUDY OF A QUANTUM-DIFFUSIVE SPIN MODEL

(AR = ST M R (A = 3T L (63.6)
l l

In this scheme one searches for the unknowns (A*™1 VF1) given (N*, J5). The
main difficulty concerning the solution of this system are the non-local relations
(6.3.5)-(6.3.6). We shall thus construct a mapping (A4, V;) € (H'(Q,R))? — F(A,V;) €
R whose unique minimum (A** VA1) is the solution of Eqgs. (6.3.2)-(6.3.6). Once
AF+1 and the eigenvalues A\F ™! respectively eigenvectors ¢ are known, Eqs. (6.2.12)-
(6.2.13) can be used to compute (N*+1 J5F!) and the process can be repeated. Let

us thus introduce the two functionals
G: (L*(QR)* =R, F:(HY(QR)> =R,

defined by
G(A) =) e Ae(I*(QR))?, (6.3.7)
l

where \;(A) are the eigenvalues of the Hamiltonian (6.2.4), and

where
A A

Fi(A V) = Tt / |V (A, — V,)|? dx + 715 / nk|V(Ay — Vi) 2 de, (6.3.9)

Q Q

2
AV =1 /Q VVL2da+ (n*, Ay — Vi) + (nk, Ay — V1), (6.3.10)
./—"3<A, V;) = aAt Re {/ n’;l(Al — AQ)D(Al —+ AQ — 2‘/3) dl’} s (6311)
Q

aAt 2/ 121,k - 721k

Fi(A) = sz (A — Ag)*(J —sz P)dx p . (6.3.12)
Q

The first and second Gateaux derivative of the functionals (6.3.7)-(6.3.12) can be
found in appendix 6.B and 6.C, respectively. One can immediately see that a solution
(AL VERD) of the semi-discrete system (6.3.2)-(6.3.6) satisfies

AF (AL VI (6A,6V) =0 Y (64,6V;) € (H'(QR))?,

and inversely. Thus, it remains to show that F has a unique extremum (minimum).
This can be achieved in two steps and is detailed in appendix 6.C. First we show
that F is strictly convex. Then it is sufficient to show that F is coercive to obtain
the existence and uniqueness of the extremum (A1 V1) solution of the system
(6.3.2)-(6.3.6).
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6.3.2 A second semi-discrete system

We suggest here an alternative way to discretize in time the quantum drift-
diffusion model (6.2.8)-(6.2.14). It is based on the point of view that one advances
the spin densities in time, rather than the chemical potentials. We shall implement
an explicit forward Euler scheme:

k1 k
H V- V(A = V) + a Re{D(nf (4f — AD))} (6.3.13)
2
— aRe(n§y D(A} + A5 — 2V1) = = (Af - A§) Im(J5* — i3)
”gﬂ—ng (o k kE vk k (ak Ak
22 4 V- (VA5 - V) + a Re{Dlnk (A} - AD)]} (6.3.14)

2
+ aRelny, DAT + A5 — 2V1)] + = (A} - 45) Tm(J5* — iJ3")
= 0’

—V2AVFE =nk 4 nb (6.3.15)

H(AMY = Nyt (6.3.16)

[ A

N=Y e - , (6.3.17)
T\
T3 = —% e N (vaf - %“”VW) . (6.3.18)
l

In this case, given the spin-densities (n},n%), one first uses the Poisson equation

(6.3.15) to get V¥, then inverts the formulas (6.3.16)-(6.3.17) in order to get the
chemical potentials (A%, AY). Finally one advances in time, using the drift-diffusion
equations (6.3.13)-(6.3.14) in order to get the new spin densities (nf™, ni*!) and
one repeats the steps. The inversion of the non-local relation (6.3.16)-(6.3.17) can

be achieved by minimizing the functional G, : (L*(Q,R))? — R, defined by

Gu(A) = Q(A)+/n’fA1 dx+/n’;A2 da (6.3.19)
Q Q
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Indeed, the first derivative of this functional reads

4G, (A)(54) = — 3" M / (6L AYPSAL + |02 (A)P6As) da
l “ (6.3.20)

Q Q

As shown in appendix 6.B, the functional G, is strictly convex and coercive.

Remark 6.3.1. The two semi-discrete systems presented in this section conserve
the total mass (ny + ny) because of the particular choice of Dirichlet boundary con-
ditions for the eigenvectors ¢, of the Hamiltonian (6.2.4). This can be obtained by
integrating the sum of the semi-discrete drift-diffusion equations for ny and nsy, Fgs.
(6.3.2)-(6.3.3) or (6.3.13)-(6.3.14), respectively, over the domain 2. The remaining

boundary term is of the form

/m non(Ay — Ay)(1, i) - v(x) do,

which does not vanish for Neumann boundary conditions. This is in accordance with
the result obtained in subsection 6.2.1, where we showed that Neumann conditions
for 4y lead to a non-hermitian Hamiltonian (6.2.4) in (L?(2))2.

6.4 Fully discrete system

This section is devoted to the full discretization of the continuous spin QDD model
(6.2.8)-(6.2.14). The time discretization was done in the previous section, now we

focus on the space discretization. Let € Q = [0,1] x [0, 1] with the discretization

xij:((j—l)Ax,(i—l)Ay), jE{l,Q,...,M}, iG{l,Q,...,N},
1 1

Ayi— —
M—1" Y= N1

Az =

For functions f(x) on Q we write f(z;;) = fi;. A function f(x) that is subjected to

homogenous Dirichlet boundary conditions on 92 satisfies

flj :fNj =0 vj S {1727"'7]\/[}7 fil :sz:O Vi € {17277N}
We introduce the following index transformation,

(i,))—=p V i€{2,....N—1}, je{2,...,.M—1},
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defined by

p=(N-2)(j—-2)+i—1, p=1,...,P, P:=(N-2)(M-2).

—-1,M-1

i in 2 the following vector notation will be imple-

For discrete functions (fi;)

mented:

f=h € K, (6.4.1)
where K = R or K = C. The corresponding euclidean scalar product is denoted by

—1M-1

(f,9)p = AzAy Z foG, = AzAy Z > fidiy

=2 j=2

6.4.1 A first fully discrete system (scheme 1)

The discretization matrices used in the following are defined in Appendix 6.D. In
view of the boundary conditions (6.2.14), we choose the following space discretization
of the semi-discrete system (6.3.2)-(6.3.6),

o A+l Ak+1Y ok N ~ 2 >
m(A1 7§tg ) ny B 2_04(14]{;_’_1 _ A§+1) OIm(Jil’k o ZJle,k’) (642)
3

1 R ~ ~ _ R A ~
= 5 (DT 0 DI (AT = V] = S (D7) [t o Dy (A = V)]

1 ’ — ~ —, % ~
2(D+) [m o D+(Ak:+1 Vsk+1)] . (D )T[nlf o Dy (A’f“ B VS]"’“)]
—aRe {D nk o (AR — A§+1)]} + aRe {iﬁg[ﬁ’;l o (A — A’SH)]}
— &Re{ 51 0| AkH + Ak+1 2‘78k+1)]}

+ aRe Jink o [D,(AM! 4 Ak+! — 2\78’“1)]} =0,
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A (AR AR k90 . . .
fo (A7 aAtQ ) nQ-|-?Q(A’f“—A§+1)oZm(J§1’k—iJ51’k) (6.4.3)

1 ) . . o o .
— 5 (D) Az 0 DI (AT = V] = o(D;) g 0 D, (A5 = V)]

N~ N~

1 N A ¢ — ~ ., A~

_ §<D;')T[n§ o D;(Ag'i'l i Vsk+1)] . (Dy )T[nlg o Dy (Al2c+1 B Vsk+1)]
{1k, o (AL = A7)} + o Re (D[, o (AF — A5)])
+aRe {il o [Dy (AL + A5+ — 271}

ity o [Dy(AFH + A5 — 20k )]} =0,

AV e n e M O Lan i Lan IR 0% Lan i Land (6.4.4)
R ) 71,k+1 21,k+1
HAT AT e | =N Shan | (6.4.5)
vy (G
A n In _y\k+1 o~ A rarm—
nl(A'fH,AS“) _ Ze APt ¢;,k+1 o 11,k+17 (6.4.6)
l
ﬁ2(1211{:+17 Agﬂ) _ Z e_xfﬂﬁ,kﬂ o AZQ,k+17 (6.4.7)
l
by = e MR o g, (6.4.8)
l
Tt = =5 S0 e [Dui) o 0 — 0 o D] (6.49

2 i€ _ A -~
It = =23 e D7) 0 U = 97 0 D (BT (6.4.10)
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Here, the operator o symbolizes the component by component multiplication of two

vectors and the Hamiltonian H(A**1) is given by

AL A5 =

= Agip + dg(Viges + AF) e2a(D, —iD,)
—e*a(D, +1D,) _éAdir + dg(f/;mtg + ASH)

where dg( f ) stands for a diagonal P x P matrix where the diagonal elements are the
components f, of f. The scheme (6.4.2)-(6.4.10) is consistent with the continuous
model (6.2.8)-(6.2.14). It is of first order in time and of second order in space. Due
to its rather implicit nature, the scheme (6.4.2)-(6.4.10) is not subjected to any
stability condition. The solution (A¥+!, AF! VE+1) of the system (6.4.2)-(6.4.10) is
the minimizer of the following discrete functional F (A, Ay, V) 1 R3 S R,

A ~

ﬁ(A1,A2,‘Zs) : :é(A17A2)+}A—1(A1,A2,Vs)+ (6.4.11)
+-7?2(A1,A2, Vs) + ~7'A—3(Al71‘i2, ‘A/s) + ﬁ4(A1,A2) )

where
N 2P o
G(A1, Ay) =) e (6.4.12)
=1
T (A AT At 1ok +(A % +(A %
1(A17A27 s) - I (nl o Dx (Al - ‘/S)a-Dz (Al - ‘/s>>P
+(Af o D, (A = Vi), Dy (Ay = VO)p + (7} o D (A = V), D (Ay = V2))p
+(Af o D, (A1 = V,), D, (A, = V;))p + (5 o DF (A, — Vi), DF (A — V) p
+(Rb o Dy (Ay = Vi), Dy (Ay = V) p + (R 0 D (Ay = Vi), D (Ay = V2))p
+(Al§ © Dy_<A2 - AS)7 Dy_(AQ - As))P:| 9 (6413)

.7?2(211,212,‘;;) D= (ﬁ]f,fll — VS)P + (ﬁg,flz _ f/S)P

2
— |(D'V,, DbV, Dbf/s DbV,
H [( DaVe)p + D,V DyVi)r (6.4.14)
Ay N
t X, M+_ZV;2N]
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.. - aAt e
Fu(Ar, Ay) ;:sz[((Al Ay) o (Al—Az),ng’k—zJ517k>P]. (6.4.16)

Using the relation
—(Va, AginVa) p = (DLVL, DAV p + (DA VL, DEVL) p

Ay al Ar &
SYNTyz o SENT e
-+ A$ ; s, iM + Ay ; s,Nj»

(6.4.17)

it can be readily verified that a solution (A¥1, A1 VF+1) of (6.4.2)-(6.4.10) satisfies

AF (AR AL VR SA 6V,) =0 YV (6AL, 64,,0V,) € R?P

6.4.2 A second fully discrete system (scheme 2)

We chose the following space discretization of the forward Euler scheme (6.3.13)-
(6.3.18):

A k1 Ak
n —-n 2a N N .
M 2R ) o (I — i

1 . .
~ S(DFY [k o D (A — V)] -
1 .
~ (P [k o Dy (A — V)] -
B ATk Ak Ak Tk ik Ak
aRe {Dz [f1g; o (A] Az)]} +aRe {ZDy [f1g, 0 (A} — A2>]}
—aRe {n21 o [Dy(AF + Ak — 2‘%’“)]} + aRe {m21 o [D,(AF + Ak — 2‘731“)]}

—0, (6.4.18)
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+ (A} — Ab) o Zm (TP — i J2MF)

n N 1 A ~
(D)5 o DE(AZ = V)] = (D) o D, (A3 = V)]
1 ~ 1, 7 P ~
— 5 (D)5 0 Dy (A5 — V)] = (D)5 0 Dy, (A5 — V)]
— aRe{ DI[ith o (4f — A5} +aRe {iDF [k o (A} — A%}

+ aRe {n21 o [Dz(z‘ilf + 21’5 — 217;“)]} —aRe {Zn21 o [Dy(A’f + A’Qf _ m};lc)]}

—0, (6.4.19)
—* Dy VI =0k + 0k, (6.4.20)
Sk 1k
HA A ( iy ) o ( o ) | 6.401)
l l
=S e NPt Al = 3 e N R o R, (6.4.22)
l l
ik =3 e N o Ik, (6.4.23)
l
It = —% e M [Dm(d?f”“) o i — P o Dz(z&}”“)] , (6.4.24)
l
A 1€ B - =
Bt ==y e [ y (7)ot — it o Dy(w}”“)} . (6.4.25)

l

Here, the Hamiltonian H is the same discrete Hamiltonian as in the first fully discrete
system. Clearly, the scheme (6.4.18)-(6.4.25) is consistent with the continuous model
(6.2.8)-(6.2.14). It is of first order in time and of second order in space. A drawback
of the explicit nature of the forward Euler scheme (6.3.13)-(6.3.18) is that its full

discretization is not unconditionally stable, as compared to the implicit scheme
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presented in the previous subsection. Rather, the space-time grid must be chosen in
such a way that a CFL condition is fulfilled.

The solution of this scheme requires the inversion of the non-local relation (6.4.21)-
(6.4.22) at cach time step. For this let us define the discrete version G, : R2” — R
of (6.3.19),

Gnl(A1, Ay) := G(Ay, Ay) + (AF, A p + (RE, Ay)p . (6.4.26)

Indeed, the first derivative of this functional is given by
dgn(Al, AQ)((SAl, 5./42 ( Z eiAl wl ok o) w + Tll, )

+<—Ze*fqz§f oy +ﬁ’;,5A2>

l

P (6.4.27)

P

It should be noted that numerical tests conducted in Sec. 6.5 proved that the
scheme presented in this subsection was better suited for a numerical solution of
the spin QDD model than a Lax-Friedrichs scheme. This was attributed to the
sparse space discretization of the domain €2, which led to a considerable loss of
mass in the Lax-Friedrichs scheme. A more refined grid would thus make a Lax-
Friedrichs discretization of Egs. (6.3.13)-(6.3.18) an interesting alternative to Egs.
(6.4.18)-(6.4.25); however this was beyond the capacity of the accessible computa-

tional resources.

6.4.3 Initialization of scheme 1

As was briefly mentioned in Sec. 6.2, a natural way to initialize the system
(6.4.2)-(6.4.10) would be to start from given initial chemical potentials A9 and AY,
compute the corresponding spin- and current densities and subsequently begin the
iteration. However, from an experimental point of view it is more appealing to start
from the initial spin densities 7Y and 79. The problem in the latter approach is the
lack of information about the initial spin-mixing quantities 79,, J5;° and J¥°, which
are not directly related to the spin densities. At ¢ = ¢° it is thus necessary to do a
half step of scheme 2, which means to minimize the functional (6.4.26) in order to
obtain the chemical potentials corresponding to the initial spin densities 7% and 7.

One can then proceed according to scheme 1.
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6.5 Numerical results

This section deals with the numerical study of the two fully discrete schemes which
were introduced in the previous section. The developed algorithms were imple-
mented in the FORTRAN 90 language. Eigenvalue problems were solved using the
routine ’zheev.f90’ from the LAPACK library. The solution of scheme 1, equations
(6.4.2)-(6.4.10), was achieved by minimizing the discrete functional (6.4.11) at each
time step tg, k > 0. At ¢y the system was initialized as detailed in Subsec. 6.4.3.
Each minimization problem was solved by a conjugate gradient method in the pa-
rameter space R3" (or R* for scheme 2, respectively). We denote vectors in the
parameter space by capital letters X € R¥”, X = (A, A;, V), and by Vx we denote
the gradient in the parameter space. In what follows the dot -’ stands for the usual
euclidean scalar product in R3”. In order to find the line minimum of V X]? Yo,
where Y,, denotes the search direction (]Y;,| = 1) during the n-th step of the conju-
gate gradient scheme, a Newton method was employed. The derivative of V X]-A' Y,
in the direction Y,, was computed numerically with a forward discretization and the

small step size enr = 1073,

, _VxF(X +eyrYy) Y, — VxF(X) Y,

(VxF(X)-Y,) -

The same method was applied to the functional én in scheme 2. The Newton
method was considered converged when |VxF(X) - Y,| < 1070, We established
two convergence criteria for the conjugate gradient method. On the one hand, we
demanded that the total mass was conserved up to a factor 10~*. On the other
hand, using the notations X = (z;)3, and VxF = (8,,F)3F,, we demanded that

max |0, F| < 1073

Again, the same criteria were applied for the functional én in scheme 2. The time
evolution was assumed to be converged if |nlf(§; — n’f(2)| /At was less than 107! at

each grid point.

Our aim is to test the developed numerical schemes in a typical transistor ge-
ometry, depicted in Fig. 6.1. We expect to obtain equilibrium charge- and spin-
distributions for such a device. The source electrode of the transistor is located in
the upper left corner of the domain, being held at a fixed potential-value V., s = 0.
The drain electrode is opposite to the source in the upper right corner with a
fixed potential-value V.,; p = —2.0. The gate electrode, held at the fixed potential
Veat.c = —3.0, is centered at o = 0.5 at the upper boundary of the domain. The tran-
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sistor environment described above manifests itself in the two spin-up respectively
spin-down external potentials V., and V., 2. Prior to starting our simulations,
these potentials were computed from the Laplace equation using a Gauss-Seidel
scheme, where the fixed values Veyi s, Vewr,p, Vear,c entered as Dirichlet boundary
conditions (Neumann conditions were used at non-electrode portions of the domain
boundary). On top of that we added a potential barrier of height 2.0 and thickness
0.1, which is centered at « = 0.5, and which exists only for spin-up electrons (in-
dex '1’). The barrier was thus added to V.1 only. The potentials V,.:1 + Vi and
Veat2 + Vs at the starting time ¢, are depicted in Fig. 6.1.

Transistor geometry

0.8

0.6 Source

0.4

0.2/spin-dependent
barrier

Figure 6.1: Schematic of the transistor geometry used in the simulations and the
initial potentials Vi = Vegeq1 + Vs and Vo = Vigy o + Vs in that geometry at ¢ = 19,

Once the starting potentials V.,;1 and V., 2 have been determined, we are inter-
ested in the evolution of given initial spin distributions n? and nJ in the prescribed

transistor environment. For the initial spin densities we choose two Gaussians cen-
tered at (x,y) = (0.5,0.5),

n?(m,y) = L(lo +p0l) exp (_ ($ - 0.5)2 B (y _ 05)2> |

0.12m 0.06 0.06
0 (x—05)?  (y—0.5)>

(£,9) = ——— (1.0 — pol)
n =—(1.0- xp | — — .
20 Y) = 5 12r pov) exp 0.06 0.06

(6.5.1)
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Here, pol denotes the parameter of the initial spin polarization which was set to pol =
0.5. The initial data for n; and ns were discretized according to the conventions
at the beginning of section 6.4. The initial total mass of the system was 1.0. The
parameters of the space-discretization (for scheme 1 and for scheme 2) were chosen
as

N=21, M=21, Azxr=0.05, Ay=0.05.

Employing the initial conditions (6.5.1), the numerical solution of scheme 1 and

scheme 2, respectively, was carried out for values
a=0.1, e=0.1, (6.5.2)

of the scaled Rashba constant o and the semiclassical parameter ¢, respectively. The

respective time steps were
schemel: At=10x10"%, scheme2: At=05x10"". (6.5.3)

We note that in scheme 2 the CFL condition imposed a rather small increment on

the time discretization.

The simulated time evolution of the spin density n = n;+ns, the spin polarization
Npol = N1 — N2, the chemical potential A; and the chemical potential A, are depicted
in Figs. 6.2-6.5 (all plotted data was interpolated to a grid of 128 x 128 points using
the MATLAB routine “interp2.m”). In each of these Figures the results obtained
from scheme 1 are compared with those obtained from scheme 2 during a time span
of 8.0 x 1072, Let us briefly explain what is observed, starting with the evolution
of the electron density n depicted in Fig. 6.2. At k = 0 one identifies the initial
Gaussians, given by (6.5.1), which, as time evolves, are gradually split into two
parts because of the potential barrier located at the center of the transistor, c.f.
Figure 6.1. In the steady-state (at k& = 8) the electron density has its maximum
in the vicinity of the gate and the drain electrode, which is the region where the
electron potential V,,; + V; has its lowest value. The region where the potential
barrier is located shows a reduced electron density. This can be attributed to the
positive barrier height “seen” by spin-up electrons, which impedes these electrons
from entering (crossing) this region. Spin-down electrons are much less affected by
the barrier, which becomes more transparent when regarding Figs. 6.4 and 6.5 for
the respective chemical potentials. One clearly observes the barrier in the chemical
potential Ay, while in A, it is completely absent. In both cases, however, gradients
in A are gradually reduced when approaching the steady-state (at k = 8). Last but
not least we turn to an interpretation of the obtained spin polarization n,, depicted

in Fig. 6.3. A pattern similar to the one for the spin density evolves; however, 1,
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n at k=0 n at k=1

0.; Cﬁ
/08 (
0.4 |
1EY

X
(ii) Scheme 2: At = 0.5 x 107

Figure 6.2: Time evolution of the electron density n = n; + ny in the transistor
geometry depicted in Fig. 6.1.
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Figure 6.3: Time evolution of the spin polarization n,, = n; — ny in the transistor
geometry depicted in Fig. 6.1.
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Figure 6.4: Time evolution of the chemical potential A; in the transistor geometry
depicted in Fig. 6.1.
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Figure 6.5: Time evolution of the chemical potential As in the transistor geometry
depicted in Fig. 6.1.
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becomes negative in the region where the potential barrier is located. This is again

due to the positive barrier height, which leads to ny > ny in the respective region.

6.6 Conclusion

In this work we proved the existence and uniqueness of a solution of two time
discrete versions of the quantum drift-diffusion model (6.2.8)-(6.2.14) on the basis
of a functional argument. Furthermore, finite difference approximations of space
derivatives resulted in two fully discrete schemes which were later applied to simulate
the time evolution of a Rashba electron gas confined to a bounded domain and under
the influence of a prescribed external potential. The first scheme is implicit and
advances in time the spin chemical potentials, whereas the second scheme is forward
Euler and advances in time the spin-up and spin-down densities, respectively. The
second scheme is subjected to a CFL stability condition, which results in the use of a
considerably smaller time step as compared to the implicit scheme. Our results prove
that the quantum drift-diffusion model considered can be applied for the numerical
study of spin-polarized effects due to Rashba spin-orbit coupling and, thus, appears

to benefit the design of novel spintronics applications.

6.A Perturbed eigenvalue problem

This section is devoted to the computation of the derivatives dA;(A)(5A) and di;(A)(0A)
of the eigenvalues and eigenfunctions, respectively, of the Hamiltonian (6.2.4), when

a small perturbation d A of the chemical potential A is applied. Let us define

0A; O
0H = , (6.A.1)
0 J0A4,
and start from
(H+0H) (¢ + dyy) = (N +dN) (¢ + diy) (6.A.2)

where H denotes the Hamiltonian (6.2.4). Using H1; = A3y, one obtains, up to first

order in the variations,
Hdyy + 6Hy = Nday + dN\y . (6.A.3)

Taking now the scalar product with v, and using the orthonormalitiy of the eigen-

functions,

(U, Vi) 2 = /Q(wéw_} + %37/}_12) dx = oy, (6.A.4)
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one obtains

(U, Hd) 12 + (Ur, SH ) 12 = N (g, diby) 2 4+ d N - (6.A.5)

Since H is hermitian we have

(Y, HAy) 12 = (Hbg, diy) 2 = Ap(Wg, didy) 12, (6.A.6)

and (6.A.5) can be written as

(W, SHU) 2 = (N — M) (W, d¥y) 12 + AN - (6.A.7)

For [ = k& we obtain
AN(A) (5A) = (b, SHy) 12 = / (GHA)2SA, + [GR(A)264s) dz,  (6.A8)

and for [ # k, assuming that the spectrum of H is non-degenerate, i.e. A\; # \, VI #
k, one obtains

4]
(b i)z = D202

Since (6.A.9) is the projection of di; on the k-th basis vector of the eigenbasis of H

we may write

(6.A.9)

dei(4)(04) = AzﬁkA (Vr, OHy) 12 = (6.A.10)
k£l
d(4) 1
Y5 S [ (AT 5 + AT a

6.B The maps G(A) and G, (A)

The map G : (H'(,R))?> — R introduced in (6.3.7) is Gateaux-derivable and its

first and second derivative, respectively, in the direction J A read

dg Ze a / [ (A)PS AL + |[VE(A)P6A,) da,

2
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The maps G and G,, (which was introduced in (6.3.19)) are thus strictly convex. We

obtain formally,

Gu(A) =D e 4 /Q n* Ay dx + /Q nk Ay do
l

(6.B.1)
> e MW 4 / nk Ay dr + / nk Ay da
Q Q

[|A1]l 2 +][Az2][ 2 —00

which means that G, is even coercive. Here, A;(A) stands for the smallest eigenvalue
of the Hamiltonian H(A),

MA) = min (H(A6.6),  [lollwsy = 1. (6.8.2)

In what follows we present a detailed computation of the second derivative of the
functional G(A). We have

PGA)SA) = —2) e / Re (;z)_;dwllaAl + w_fdwféA2> dz
I Q

(6.B.3)
+ZeNdAl/ ([ [P0 A1 + U776 A2) d.
; 0
Let us define the following integrals,
= / YLl 6 A da I8 = / V22 5 Ay dx . (6.B.4)
Q Q
Remark that from (6.A.8) one deduces
dy =1+ 1Y (6.B.5)
Thus, the second line in (6.B.3) can be written as
Sheh (i 1) (6.B.6)
!
Moreover, from (6.A.10) one obtains
dwl — Z djé (Ikl + ]kl)
l o Al . )\k; 1 2 )
(6.B.7)

2
dut =3 (e 1)
P
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and therefore we have

/ (Ulaviod, + GRavisn,) de =y — o Ak (1 4 131)
k£l

The right-hand-side of the first line in (6.B.3) can now be written as

X ok

e 2
I I P v w Ry

I kAL Lk Ik
Adding (6.B.6) and (6.B.9) together and making the convention
e~ — e~

l=k: — =
Al — Ak ©

the second derivative of G(A) becomes

QRG(A)(SA) = — M JE A
(A)(6A) Z N (0" + 1)
Ik

6.C Gateaux derivatives of Fi-F,

(6.B.8)

(6.B.9)

(6.B.10)

(6.B.11)

The first and second Gateaux derivative, respectively, of the functionals (6.3.9)-

(6.3.12) is given by

AF (A, V,)(5A,0V,) = — At / V. (Y (A) — V) (3Ar — 8V) da
Q

A / V- (Y (Ag — V) (64s — 6V,) di
(9]

A2F, (A, V,)(6A,6V,) = — At/ V- [fV(5A, — VL)](6A; — 6V5) da

y / V- [nEV (545 — 6V,)](04s — 6V4) da

:At/n1|V(6A1 —5V8)|2d:13+At/n§|V(5A2—5V8)|2d:p,
Q Q

AFL(A VAV == [ AVVido [ (w4 nf)oV.do
Q Q

+/nlf5A1d$+/n§5A2dx,
Q Q
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A2 Fo (A, VL) (0A,6V,) = —72/(A6V;)6V5 dx :72/ VoV, |*dx
Q Q

AF5(A, V,)(6A,6V,) = — aAt Re { / Dnk (Ay — A)](6A; + 545 — 25V,) dx}
Q

+ at Re {/ ngl'D(Al + A2 - 2‘/5)((5141 — (SAQ) dCL’} s
Q

A2 F5(A, V) (0A, 6V,) = 2aAt Re {/ nk D(6A, + 6Ay — 20V,) (A, — 0 A) d:v} ,
Q

20
dFi(A)(0A) = O‘g ! Im {/(A1 — Ag)(8A; — §Ay) (T2 — iJ;l”“)dx} :
Q
Q2F(A)(04) = 20;“ Tm { / (0A; — BA)2(J2VF — iJ21k) dw} .
Q

To show that F is strictly convex, it is sufficient to show that
d*F(A,Vi)(0A,6V,) >0, V3A,6V.

One can see immediatly that the terms corresponding to G, F; and F; are positive.
Nevertheless, nothing can be said about the sign of the terms corresponding to F3
and F;. Assuming on the other hand that € is a small parameter, which is a physical
hypothesis, one can incorporate these latter terms in the former ones. Inspired by a

formal prove in [1], in this work we assume, for some constant ¢ > 0,

et — e~

ngl = 0(52) s Im(Ja%l’k — ZJ;l’k> = 2C€aw
2 1

+ O(e?).

Remark then that the dominant term in d?F,

dea®At / (54, —sApC et
o 0 A A ‘

is positive.

Concerning the coercivity, it is enough to show that

[ F(A, V)]

7
Al g1+ Vsl g1 —o0
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In [7] this property has been shown for the first terms X := G + F; + F5, by proving
that if |X'(A, V;)| < ¢1 for some constant ¢; > 0, than there exists a constant ¢, > 0
such that [|A||g1 + ||Vs]|m < ca. We can adapt this result in the present case, by
assuming again that € is a small parameter. Indeed, one can again incorporate the
new terms F3 + Fy in X, by proving the existence of some constant C' > 0, such
that

CIX(A VL) < | F(A VL),

which finishes the coercivity proof. Thus, the functional F, being strictly convexe

and coercive, admits a unique minimum.

6.D Discretization matrices

Let 1 stands for the (N —2) x (N — 2) identity matrix. Then we have the following

discretization matrices:

-1 1
0O -1 1
D*:AL e RP*P,
x
0 -1 1
0 0
0 0
-1 1 0
_ 1 PxP
T
-1 1 0
-1 1
dr d;
pro L p— L
Ay ) ’ v Ay N
d, d,
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-1 1
0o -1 1
d = € RV-2x(N-2)
0 -1 1
0 0
0 0
-1 1 0
d;: ERU\’—%X(N—?)7
-1 1 0
-1 1
-~ Dr+D;  ~ Di+D;
sz ;c+ x’ Dy: Yy y)
2 2
Agir = A"+ AV € RPXP,
=21 1
1 -21 1
A:p: 1 ERPXP
(Az)? '
1 -21 1
1 =21
ly
AY = L e RP*F
(Ay)?
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-2 1
1 -2
l, =
0
-1
1
D, =——
2Ax
B 1
YU 2y
0 1
-1 0
d, =
1
-1
1
Db =——
T Ax

1
c R(N—Q)X(N—Q) ,
1 -2
1 -2
1
0 1
ERPXP
-1 0 1
-1 0
dy
ERPXP.
dy
1
c R(NfQ)X(NfQ) ,
-1 0
-1 0
0
1 0
ERPXP.
-1 1T 0




1
b _ _— . PxP
Dy =%, . e RP*P,
db
Y
1 0
-1 1 0
db _ . .. .. c R(N—Q)X(N—Q)
y . . . )
-1 1 0
-1 1
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