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CHAPTER
ONE

INTRODUCTION

Magnetism at the micro- and nano-scale level is a well-established research field,
by virtue of its relentless technological impact and astounding variety of structures
it can shape in condensed-matter systems. The characterization of most of these
structures has become possible in the last fifty years thanks to the development and
refinement of magnetic spectroscopies, most notably neutron scattering for bulk
magnetism, and electron spectroscopies for surfaces and thin films. A fundamental
outcome of the most recent experiments is the need to address magnetism in its full
non-collinear nature also at the theoretical level, i.e. by treating the magnetization
density as a true vector field, allowed to vary its direction at each point in space.
This paves the way to the study of chiral topological magnetic structures such as
skyrmions, or of the effect of Spin-Orbit Coupling (SOC) on the ground-state con-
figuration and on the excited-state dynamics. Handling non-collinearity however,
a far-from-trivial task on its own, proves to be particularly demanding in ab-initio
calculations, where, at present, it is far from being a standard tool in the study of
excited states. In this thesis we shall focus on the development of a method to study
the dynamical spin-fluctuations of magnetic systems in a fully non-collinear frame-
work, within Time-Dependent Density Function Theory (TDDFT). The outline of
the thesis follows. In Ch. 1 the technological framework and the main experimental
findings which have inspired our work are presented; a link between the experi-
ments and the relevant physical quantities, namely the magnetic susceptibility, will
also be shown. In Ch. 2 and 3 the theoretical framework in which we move will
be introduced, namely Time-Dependent Density Functional Theory (TDDFT) and
linear response. In Ch. 4 and Ch. 5 original work is presented: in the former, we
devise a computational approach for the study of magnetic excitations via TDDFT,
in a fully non-collinear framework. In the latter, we discuss the implementation and
compute the spin-wave dispersion for BCC Iron. The final chapter is devoted to the
conclusions.
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1.1 Spin Dynamics

The basic quantity that characterizes the magnetic properties of a system is the
microscopic magnetization-density, m(r). For a system of N electrons in the many-
body state W, it is defined by

m(r) = (U, M(r) ), (1.1)
where

M(x) = ii(r) i, (1.2)

with 7;(r) and f; being respectively the density and magnetic-moment operator of
the i-th electron. In magnetic materials, the electronic magnetic moments organize
in some pattern in the ground state, which results in a non-vanishing m(r). The
low-lying excited states of such systems may feature travelling magnetization waves,
also known as spin-waves (a pictorial example is reported in Fig. 1); their dynamics
strongly depends on the structure of the density of excitations of the system at low
energy.
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Figure 1. Sketch of a spin wave of wave vector () = 27/ in a one-dimensional ferromag-
netic chain.

1.1.1 Magnonics: Propagation on Ferromagnetic Films

The dynamics of the spin waves has drawn much interest due to their uncommon
features: first, the index of refraction of the spin wave in a material can be changed
just by altering the magnetization direction of the medium. Secondly, their wave
length spans several ordersj of magnitude, from ~ 10 mm down to ~ 1 nm, with fre-
quencies varying from GHz to THz. Lastly, no electrical charge transport is involved
during the propagation, and hence no electrical losses or Joule heating occur. These
features encouraged the birth of magnonics, a branch of spintronics whose aim is to
use spin waves as information carriers in circuits made of ferromagnetic guides [1].

The geometry of a spin wave propagating in a ferromagnetic guide, endowed with
an in-plane magnetization, is sketched in the left panel of Fig. 2. In the right panel
the spin-wave dispersion is reported at two different wave-length scales: the pum-
region and nm-region. In the pum-region the dipolar interaction between magnetic
domains dominates, and there is a continuum of dispersions according to the angle
between the direction of propagation and the magnetization of the guide. Moving
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Figure 2. Left: geometry and damping mechanisms in the spin-wave propagation on
a ferromagnetic surface. Right: dispersion of spin waves travelling on a ferromagnetic
surface, with an in-plane magnetization. The red-shaded area marks the region in which
Landau damping becomes active (figure reproduced from [1]).

toward nm-wavelengths and THz-frequencies, the exchange interaction prevails and
the dispersion tends to be isotropic. The prototypical material with spin waves in
the pm-region is yttrium iron garnet, whose spin waves display a lifetime of ~ 100 ns
and a mean free path of several millimetres [2]. These materials, however, are not
suited for nano-fabrication, because of the long wave length of the carrier, hence one
faces the need to study shorter-wavelength spin waves.

Spin-Wave Damping

At the nanometre scale, where standard ferromagnetic materials such as Fe dis-
play prononced spin-wave excitations, one incurs the issue of increasing spin-wave
damping. In the THz-regime the spin-wave energy becomes comparable to the one
of single spin-flips (Stoner excitations), so that it is not possible to excite a single
travelling spin-wave, but only a superposition of modes, whose lifetime drops to the
order of few tens of fs. Recently, some progress has been made by engineering the
density of Stoner excitations by altering the Pd percentage in FePd alloys films,
reaching lifetimes of ~ 100 fs [3].

The damping due to the superposition of spin waves and Stoner excitations is
called Landau damping, and it is not the only mechanism which hinders the propa-
gation of a spin wave. Recently, damping related to a strong spin-orbit coupling has
been observed experimentally in a two-atomic-layer Fe film on W(110), with an in-
plane magnetization M [4, 5]. When a spin wave propagates perpendicularly to the
in-plane magnetization, i.e. Q L M, its lifetime has been measured to be different
from the one of another spin wave propagating in the opposite direction, i.e. along
—Q. The phenomenon has been attributed to a strong spin-orbit coupling induced
by the W substrate, which produces a horizontal shift in the spin-wave dispersion
w(Q) when inversion symmetry is lacking, such as it happens at an interface. The
shift is then related to a different spin-wave lifetime, as showed by the experiements
reported in Fig. 3. Tight-binding calculations have confirmed this picture [6], how-
ever no calculations with a realistic band structure have been performed so far.
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Figure 3. Left: spin-wave dispersion in 2-ML Fe@W/(110) at room temperature. The
dispersion with Q parallel to the magnetization is reported in blue, in red the one with
Q along the perpendicular direction, where a horizontal shift is observed. This is often
called spin-wave Rashba effect, due to the parallel with the Rashba splitting of the elec-
tronic bands. Right: different damping of two spin waves travelling in opposite direction,
perpendicularly to the magnetization. Figures from [5].

Eventually, spin-orbit effects have been related also to the so called Gilbert damp-
ing [7], which owes its name to the Landau-Lifshitz-Gilbert (LLG) equation [§]

om(r,t)

m(r,t) Om(r,t)
A4 X
ot

m(r,t) ot

= —ym(r,t) X beg(r,t) — « (1.3)
where 7 is the electron gyromagnetic ratio, beg(r, t) the effective magnetic field in the
medium and « the damping parameter. The LLG equation is of phenomenological
origin, and describes the magnetization dynamics in a continuous medium. The
first term on the right-hand side of (1.3) is responsible for the precession of the
magnetization around the axis perpendicular to the plane defined by m and beg,
whereas the second term tends to align m to beg, resulting in a damping of the
motion, known as Gilbert damping. It is known that SOC induces Gilbert-like terms
in the quantum equation of motion, and some attempts to estimate a from linear-
response calculations have been made [9, 10].

1.1.2 Chiral Magnetic Structures

We conlude this section by mentioning chiral magnetic structures, i.e. magnetization
patterns non-symmetric under parity, such as helicoids. The most notable structures
of these are skyrmions, nanometre-sized chiral spin textures, found as stable or meta-
stable states in different condensed-matter systems (see Fig. 4). Skyrmions have
drawn much attention due to their topological origin, which endows them with a long
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lifetime and stability under perturbations, so to be considered a strong candidate
for the role of spin-carriers in magnetic-transport devices. A first classification of
these states [11] is made accordingly to the size of skyrmions: when the skyrmion
size is bigger than the lattice constant, its energy density is much smaller than the
atomic exchange energy, and the chiral state benefits of topological stability; in other
words, the skyrmion lives in a different energy region than the continuum of Stoner
excitations. The difference between the standard spin-wave case is that topological
states are stable against all the perturbations which have not enough energy to
alter their topology (in this case the spin-flip energy). Skyrmions of this type are
due to the dipolar (~ 100nm-1pm) and spin-orbit (~ 5-10nm) interactions in
non-centrosymmetric lattices; in the latter case experimental evidence has come out
only recently, with the observation of skyrmions in the non-centrosymmetric bulk
magnet MnSi [12], or in 1 ML Fe@Ir(111) [13]. Skyrmions with size of the lattice
constant (~ 1nm) have been reported in frustated lattices with strong enchange
interaction, or systems with a dominant four-spin exchange interaction; their energy
is comparable with the one of the Stoner continuum, with the subsequent loss of
stability.
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Figure 4. Topological spin textures in a thin film of Fey5Cog 55i. In the bottom panels
(d), (e) and (f) Lorentz TEM measurements are reported, the colour map reprensenting
the direction of the on-plane magnetization, the arrows put as a reinforce. Panel d)
show a stripy pattern at zero external field, whereas panel (e) displays the transition to
a hexagonal skyrmion-lattice configuration for an external field of 50 mT normal to the
plane. The top panels (a) and (b) show the same structures predicted by Monte Carlo
simulations and a sketch of a skyrmionic configuration in panel (c¢). Figure reproduced
from [14].
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Remarks

From the cases examinated above, a full characterization of the magnetic excitations
of a system turns out to be essential in order to predict, and even engineer, the dy-
namics of quantum non-collinear states. On the experimental side, the two principal
spectroscopies which allow such a characterization are Inelastic Neutron Scattering
(INS) for bulk and Spin-Polarized Electron Energy Loss Spectroscopy (SPEELS)
for surface excitations. In the following the link between these spectroscopies and
response functions will be discussed.

1.2 Probing Magnetic Excitations

Historically, neutrons have been the standard probes for magnetic spectroscopies.
In fact, due to their neutrality, only two types of interaction are relevant with a
condensed-matter system. The first one is the neutron-nucleus short-range interac-
tion, widely used to determine the crystal structure and the phonon excitations of
solid-state systems. The second one is the dipolar interaction between the magnetic
moment of the neutron f1,, and the one of the electrons fi.,

~ _ge,uBA ~ _gn,U/nA
e = =

e Tse ) Hn h Sn , (14>

where g, ~ 2.002 and g, ~ 3.826 are the electron and neutron g-factors, up =
—eh/2m, < 0 and p,, = —eh/2m,, Bohr and neutron magnetons, s, and §,, the spin
operators acting respectively on the electron and neutron spin degrees of freedom.
The dipolar interaction is quadratic in the magnetic moments, therefore the electron-
neutron magnetic interaction is roughly 10® times stronger that the neutron-nucleus
one. When able to separate the crystallographic signal from the magnetic one,
Neutron Scattering (NS) immediately returns vital information about the magnetic
feautures of electrons in a specimen. Moreover, neutrons display a high mean free
path in solids, so that NS is the prototypical bulk spectroscopy. We now focus on
Inelastic Neutron Scattering (INS) which sheds lights on the bulk magnetic exci-
tations of a system, to illustrate which physical quantities have to be computed to
interpret the experiment.

In a typical INS experiment, a beam of unpolarized neutrons with wavevector
k; and energy &; = h%|k;|?/2m,, impinges on a system in the ground state ¥;. The
intensity I and energy e; of the outgoing neutrons are detected at different solid
angles, so that also the wave vector k; of the outgoing neutrons can be inferred; two
examples of recorded I(q,w) signals are reported in Fig. 5. The intensity /(q,w),
where hw = ¢; — ey and Q = k; — k; are respectively the energy and momentum
transfer, displays peaks in correspondence of the (q,w) at which the system is able
to exchange energy with the probing particles, i.e. its own excitations. This picture
is of course simplified since it considers only single scattering processes, namely
assumes the impinging neutrons to undergo only one scattering event while inside the
sample; nevertheless, multiple-scattering processes are less likely to occur, appearing
as higher-order terms in the transition-probability density, and resulting in a weaker
intensity in the 7(Q,w) signal.
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Figure 5. Measurements of the outcoming-neutron intensities I(Q,w) in INS experiments
on BCC-Fe, with Q along the [100]-direction. Left: I(Q,w) recorded at three fixed neutron
energy-losses hw; data coming from the triple-axis neutron spectroscopy measurements
of [15]. Right: neutron intensity recorder with the time-of-flight method, which employs a
constant scattering angle so that Q and w vary together with the scattered neutron time-
of-flight; Q = (n,0,0) is reported on the x-axis above the figure. Data taken from [16].

1.2.1 Inelastic Neutron Scattering

From a theoretical point of view, considering only single-scattering events corre-
sponds to the Born approximation in the Scattering Theory. We start by defining
the cross section as

1
do = ZZdwF], (15)
F
where J; = % is the flux per unit volume of incoming particles and dwpg; is the

transition-probability density from the global initial state I (beam+system) to the
global final state F' per unit of time. The cross section describes the efficiency of
a certain scattering process defined by dwpg;, which in the Born Approximation is
written via first-order time-dependent perturbation theory, namely Fermi’s Golden
Rule, as [17]

21 o
dwpr = XTT [PIVTPFV] 5(EF - EI) ) (1-6)

where pr, E;, pr, Er are the density matrices and energies of, respectively, the
initial state and final state (beam+system), whereas V the interaction Hamiltonian
between the beam and the sample. Eq. (1.6) is the form of the transition probability
in terms of the density matrices, which allow to account for non-pure initial states
(such, e.g., an unpolarized beam or temperature effects); the density matrix pg shall,
instead, always represent a pure state.
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Figure 6. Pictorial view of an INS experiment, a beam of unpolarized neutron with
momentum k; impinges on a sample in the state ¥;. The recording of the momentum of
the outgoin neutrons ky allows to infer information on the final state of the sample W .

As regards the term V, the dipolar interaction between a neutron and N electrons
reads
N
1>(rn,r1,..., Z (rin) (1.7)

=1

N
i - ftn 3(fi Tig) (o Tin) 8T
)3 { 5 = g 0(tin)
=1

i,m

Eq. (1.7) is explicitly written in the coordinates-only representation, not to burden
the notation with spin indexes.! The letter “” labels electron quantities, wheres
“n” the neutron ones, r;,, = r; —r, and r = |r|. We consider as initial state the
target system in its ground state Wqg, and an unpolarized beam of momentum k;;
as final state the system in a given excited state ¥, and a beam of momentum k¢,
summed on both the polarizations (which, experimentally, means not to resolve the
polarization of the outgoing beam). By substituting (1.7) into (1.6) one obtains the
differential cross section for solid angle 2y and outgoing neutron energy ¢y

dgjgef T (egn> " Z ( QaQﬁ) Lap(Q,w) (1.8)

where, we recall, hiw = ¢; —ey and Q = ky —k;. The quantity L,3(Q,w), named loss
tensor, can be shown via linear-response theory (see Ch. 3) to be the anti-hermitian
part of xas(Q,w), i.e

Laﬁ(Q7W> =

1

57 [es(@) = X3u(Qw) (1.9)

1Here, the hat refers only to the spin degrees of freedom.
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where X,3(Q,w) is the Fourier transform of the magnetic susceptibility, which de-
fines the linear response of a system to a magnetic perturbation. Hence, the solution
of a linear-response problem allows to interpret the results of a INS experiment, the
peak-structure of the recorder signal I(Q,w) should in fact be the same as

Q* Q"

5@ =~ % (4~ L35 ) Las(@u0), (1.10)
ap

which is nothing but the specialization to the magnetic case of the original study of

van Hove about the connection between the cross section in the Born approximation

and correlation functions [18].

When the probing species are spin-polarized electrons, such as the case of SPEELS
experiments, the dominant scattering mechanism is not due to the dipolar interac-
tion between magnetic moments, but to the Coulomb interaction between charged
fermions (i.e. electrons), which endows the total cross section with a magnetic con-
tribution through an exchange process. In spite of that, the final form of the cross
section still depends on the loss tensor L,s(Q,w), which can be used to interpret
also surface excitations. For a detailed derivation the reader is referred to [19], for
a discussion of the experimental setup to [20].

1.2.2 Polarization Effects

We consider explicitly the polarization of the neutron beam. Before proceeding, it
is useful to rewrite Eq. (1.8) by noting that (6,15 — QaQﬁ/QQ) is a projector over
the plane perpendicular to Q, so that

d? A2k .
deggf = (51) k—f;m’i w3 (ho — (By - Eas)) - (111)

where Fgg and Ey are the energy of the target system before and after the scattering
process, respectively. We have also used the shorthand

aNp R
mef =3 (cm - Qch ) (Was, MH(Q)T,) (1.12)
B

Only the fluctuations perpendicular to the Q-direction are meaningful for the cross
section: magnetic excitations in the Born approximation are of transverse nature.
The polarization of a neutron beam is described by the density matrix in the spin
space

)L

P =507+ Py, (1.13)
where P; is the polarization vector, related to the expectation value of the spin
operator via?

h )
(80); = 5P = tr [ﬁg%n} . (1.14)

2The lower-case tr denotes a trace over the spin degrees of freedom only.
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N

Figure 7. The knowledge of the incoming and outgoing neutron-beam polarization give
additional information about the state Wy, such as its chirality.

If one sends a polarized beam (and still records all the outgoing neutrons) the
resulting cross section is

deigf NESESY [mi m{" 4 Py (m] x mi*)}a(m (B - Bes)) |
vy

(1.15)

where the second term displays an explicit dependence on the direction of the po-
larization.® The origin of the new term can be understood by computing the polar-
ization of the outgoing beam, which is given by [21, 12]

Py = (%)2% (d;)ijggf)_l Zf: { -P; <m£ : mT) + 2Re [mi (PZ— . m]i*)]

~imd %) po (e — (B - o).
(1.17)

The additional term —i (mi X m’i*) gives rise to a polarization in the scattered beam

along the Q-direction, even though the impinging beam is unpolarized. Furthermore,
it vanishes for simple ferromagnets [21], and therefore is an intrinsic feature of more
complex magnetization orderings. We conlcude by noticing that also —i (m{ X mﬁ*)
can be obtained by suitable combinations of the loss-tensor elements L,s(Q,w), and

can therefore be inferred by linear-response theory.

3Notice that the new term is real, since, given a complex vector z = a + ib, one has

(z xz")=—2i(axb). (1.16)
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1.2.3 Summary

In the first part of this chapter we have outlined the phenomenology that has inspired
the present work, i.e. the description of damping mechanisms in the propagation of
spin-waves, due to a strong spin-orbit interaction. These dampings can be studied
by the perspective of the density of magnetic excitations in a system in the (Q, w)-
space, which is accessible by scattering and energy-loss experiments, as commented
in the second part of the chapter. The theoretical tool we need to interpret these
experiments is the magnetic susceptibility, which has to be computed in a non-
collinear framework in order to account for spin-orbit effects. At the same time, we
mentioned that the knowledge of the full magnetic susceptibility of a system can also
give information on the structure, in particular on the chirality, of magnetic excita-
tions, and may be used to identify and study the stability of magnetic formations
such as skyrmions. We shall pursue this study in the framework of Time-Dependent
Density Functional Theory.



CHAPTER
TWO

DENSITY-FUNCTIONAL THEORY

The theoretical study of condensed-matter systems requires to deal with several
levels of approximation, due to the impracticability of a brute-force solution of the
Schrodinger (or Dirac) equations for a system of interacting electrons and nuclei.
A first simplification, known as Born-Oppenheimer approzimation, is to consider
the electron dynamics decoupled from the nuclear one. This has been shown to be
a fair good approximation also in some gapless systems, such as ordinary metals,
due to the low coupling between electronic excitations and nuclear vibrations in
normal conditions [22]. Under this assumption, the problem reduces to a system of
interacting electrons subject to the electrostatic potential of the nuclei at rest, which
still proves too hard a task and requires further approximations. Density Functional
Theory (DFT) is a well-established methodology to tackle such a problem, and will
be the theoretical framework of this thesis. The basic equations of DFT, with a
focus on its spin-dependent implementation, will be outlined in the first part of this
chapter; in the second part, more technical aspects such as pseudopotentials and
the Brillouin Zone (BZ) integration will be covered.

2.1 Basic Theory

In the Born-Oppenheimer approximation, the non-relativistic Hamiltonian for a
system of IV electrons subject to the electrostatic field of M nuclei reads

{R} p’L - Z 62 . ii €ZI Z ZIZJ (2 1)
o1y 2 2[R -] 2 2« R —Ry "

where e is the absolute value of the electron charge, m the electron rest mass, Z; the
I-th nuclear charge, r; and R; the electron and nucleus positions. We can rewrite
(2.1) as

MR =305+ 5 D S+ [ A M0t () 22

14
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where A/ (r)=>, &l(r)@g(r) is the electron density-operator,! which couples lin-
early with the external potential

AV
Vexs (15 {R}) 2.3
t { } Z |RI . I'| ]le |RI o RJ| ( )

Eq. (2.2) is the starting point for the application to condensed-matter systems of
DFT, where the central role is assigned to the electron charge-density, defined by

r) = (¥, N(r)¥), (2.4)

or equivalently, in terms of the many-body wavefunction,
=N Z / d37"2 / d3TN|\I/(I'O'1,I'20'27...,I'NO'N)|2. (25)

In the following, it will be shown how the variational principle of quantum mechanics,
holding for W(r;y 01,1209, ...,ryoy), is recast in terms of the more tractable charge
density n(r).

2.1.1 The Energy Functional
Let an N-electron system be described by the Hamiltonian

~

H=Hys+V, (2.6)
V:/Rgdrf\/()vext() (2.7)

in 1965 Hohenberg and Kohn [23] proved that

1. The potential vex(r) is (up to a constant) a unique functional of the ground-
state density n(r). This implies that the total Hamiltonian H, and therefore
all the properties of the system, are functionals of the ground-state density.

2. Once fixed the external potential, the energy, viewed as a functional of the
density, has a minimum at the ground-state n(r).

Hence one can define the energy functional for a chosen external potential

E,..[n| = Fln]+ / d®r n(r) Vet (1) | (2.8)
R3
n] = (U[n], Heys¥[n]) (2.9)
which has its minimum when n = ngg,and whose stationarity condition reads
OF
= — ey ) 2.1
571(1') v t(r) ( 0)

IThe Fermi field 1[1,,(1‘) annihilates an electron of spin ¢ in the position r. Fermi fields will be
used only to define the density operators in a more compact way and should not be confused with
¥;(r), which will be used to denote a spinor in the one-particle state 1.
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2.1.2 The Kohn-Sham Scheme

The most widespread implementation of DFT is due to Kohn and Sham [24], who
devised a way to translate the minimization problem with respect to the density
into the solution of a set of self-consistent, single-particle equations. They proposed
the decomposition

Fln] = Ty[n] + Euln] + Ex[n], (2.11)

where Ts[n] is the kinetic energy of a system of non-interacting electrons, Ey[n| is
the Hartree energy functional

2 /
_ e_/ d3r/ &3 —"(r)"(f>, (2.12)
2 R3 R3 ’I‘ —T ‘

and F,.[n] is the exchange-correlation functional, which is actually defined by
Eq. (2.11). Within this decomposition, the stationarity condition (2.10) reads

0T

Sn(r) = —0p(r) — Uxe(r) — Vext(T) | (2.13)
with
v(r) = € /133 d*r’ |:(_r/1)‘/’ : Uge(r) = (;SHE(XC) (2.14)
This is exactly the same condition we would find when minimizing the functional
Exs[n] = Ti[n] + /]R3 d®r n(r) vks(r) , (2.15)
Vs () = vp(r) + Uxe(r) 4 Vext (1) | (2.16)

i.e. the functional of a system of non-interacting electrons under the action of the
(fixed) single-particle, local potential vkg(r). The ground-state wave function of the
Kohn-Sham functional (which is not the ground-state wave function of the interact-
ing system, they only share the density) is then a Slater determinant whose orbitals
satisfy the so-called Kohn-Sham equations:

2 occ.

—h—V2+vch[ J(r) + Vet (v) | Pi(r) = € Yi(r),  n(r) =Z|¢i(r)|2> (2.17)

2m

where we grouped the self-consistent terms in vgy. = vy + vxe. Once the density
is known from the solution of the Kohn-Sham equations, all the properties of the
interacting system are also at hand in virtue of the Hohenberg-Kohn Theorem. Note
that, at the minimum, the total energy of the true sytem does not correspond to
the sum of the eigenvalues ¢; defined by the Kohn-Sham scheme.

We finally remark that Eqgs. (2.17) can also be obtained by minimizing with
respect to 97 the functional

occ.

PN =2 [ i) (g V) ) + B+ [ 0 nte) et
(2.18)
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under the orthonormality constraint (1, %;) = 6;;.> The density has to be considered
a function of the orbitals through (2.17).

2.1.3 Spin-Density Functional Theory

Though the total Hamiltonian does not contain any term that couples with the
spin degrees of freedom, some systems may exhibit a ground state with non-zero
magnetization density due the fermionic statistics of the electrons, i.e.

m(r) = “]296 (U, S(r) ) £ 0, (2.19)

where 8 (r) is the spin-density operator
Zw* r)0 o Vo (T) | (2.20)

and o the vector of Pauli matrices

-~ (? é) oV = (S B’) o7 = ((1) _01> : (2.21)

The theory discussed previously applies also in these cases, but it gives no practi-
cal instruction on how to compute the expectation values of the operator of interest,
neither a way to distinguish between degenerate ground states.> In these cases it
is convenient to generalize the theory considering local external potentials w,,(r)
which couple to the spin-resolved density matrix jyor(r) = i (r)iy (r), i.e. entering
the total Hamiltonian as

Y = Z/ %1 poor () Were(T) (2.22)

In this more general case, the spin-resolved density does not determine univo-
cally the external potential w,.(r); it is nevertheless possible to define an energy-
functional F[p] which is variational with respect to ground-state p [25], and to apply
the Kohn-Sham procedure, resulting in*

n? /
5 | g Ve + L)+ v )0 i) = erviale) s (229)

0—/

2The contraint is accounted for via Lagrange multipliers A;;. After the minimization, Egs. (2.17)
are recovered performing a unitary rotation of the orbitals ¢;, so to diagonalize A;; into &; (the
functional F is invariant under unitary rotations of {¢}). We also point out that the kinetic-
energy term in (2.18) is not the functional Tg[n], but gives the same energy contribution, being
the kinetic-energy of a non-interacting system.

3Such as in the case of non-relativistic ferromagnetism, where the ground-state energy does not
depend on the direction of the magnetization in space.

4The generalization is needed just to define the Kohn-Sham functional such as in (2.15), in fact
that is the only place in which the (self-consistent) potential couples to the spin. The external
potential remains purely scalar.
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where
V% (r) = dgoron(r) + 057 (x), (2.24)
/ oF
077 (r) = = 2.25
(r) 5o (1) (2.25)

It is usually preferred to work with the charge and magnetization densities
n(r) = Zpaa(r) ) m(r) = up Z To0'Po'o(T) (2.26)

so that we can write

/

_ 0Ey On(r) N 0Ey.  Om(r)

e (r) = . 2.27
U () = S B () T 0m() O (1) (227)
0By 0By
_ 0 xc_ | 2.28
5n(r)0 +’uB(5m(r) 7 (2.28)
where ¢° stands for the 2 x 2 identity in the spin space. Now we can define
oE oE
xC = = ) bxc = - = , 2.29
helr) = 275 )= s (2.29)

so to recast Eq. (2.23) as

(29" el ) 10®)) o — i Bl ) = 20,
(2.30)

where 1; has to be considered a two-component spinor. The charge and magnetiza-
tion densities of the Kohn-Sham system, which equal by assumption the true ones,
read

ocCcC. occ.

n(r) = Z Yl (r)i(r),  m(r) = pp Z Yl (r)owi(r) . (2.31)

2.1.4 The Exchange-Correlation Functional

The success or failure of DF'T depends on the capability of modelling the functional
Ec[n, m], without which the Kohn-Sham system would reduce to the Hartree equa-
tions. In the Local Spin-Density Approximation (LSDA) one uses the form

LSDATLm: 37"nr€ nir), mir .
B ] = [ n) ec(n(e).m(r). (2.32)

with m(r) = |m(r)| and €,.(n, m) being the exchange-correlation energy per particle
of a homogeneous electron gas, constrained to a collinear spin-polarized state with
magnetization m [25]. We have

éxc(n,m) = ex(n,m) + e.(n,m) , (2.33)
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where € (n, m) is known analitically (see, e.g., Ch. 5 of [26]), and the form of e.(n, m)
has been drawn by fitting Monte Carlo calculations [27].

LSDA is most accurate at slowly-varying densities, since it approximates point-
by-point the system with a homogeneous electron gas; to overcome its limitations,
functionals depending also on the gradient of the spin-resolved density have been
developed throughout the years. The most successful class of these functionals goes
by the name of Generalized Gradient Approximation (GGA), which are usually
written as

ESCAIRT n¥] = /R3 d®r n(r) € (n) Fe(n, n', Vi, Vn't) | (2.34)

where n'(r) = py(r), n*(r) = pyy(r) and €' (n) = €.(n,0) is the exchange energy
of the unpolarized homogeneous electron gas. The function F. is a correction factor
that restores the LSDA form for when the density gradients vanish.

Nowadays LSDA and GGAs are the most widely used xc-approximations in solid-
state DF'T computations, and their range of applicability is well enstablished. In
the last 20 years, however, several other functional forms have been proposed in
order to heal the reknown limits of the local and semilocal (i.e. gradient-based)
approximations of the xc-energy, giving birth to orbital-based functionals (such as
hybrids), meta-GGA (depending on the Laplacian of the density), or van der Waals
functionals. The discussion of the accuracy and limitations of the various functional
forms is beyond the scope of this thesis and an active research field. For success and
failures of LSDA and GGAs, the reader is referred to standard textbooks, such as
Ch. 8 of [26], Ch. 7 of [28], or Sec. 2.5 of [29].

2.1.5 Collinear and Non-Collinear Magnetism

The LSDA and GGA xc-functionals are based on the homogeneous electron gas
in a collinear state, in which the magnetization m(r) is constant in modulus and
direction everywhere in space. As a result, the xc-functionals are sensitive only to
the modulus of the magnetization, and not to its direction.The xc-magnetic field by,
generated by this approximations is always locally aligned with the magnetization,

in fact
§ELSDA ) Qe Jexc m(r)
= —n(r
dm(r) om m(r)’
whereas in the GGA case, considering that n' = 1(n+m/pp) and n* = L (n—m/pp),
one has®

bioPA(r) = — (2.35)

SEGGA

dm(r)
/ 5, OESSA §m(r)

= — d’r
R3 om(r’) dm(r)

bISA () = —

— —n(r)e(n(r)) [%];’;C ~V. gg’; ;‘gi . (2.37)

5Here we have used the standard differentiation rule
) OF Of 0 f
Flol= [ @ fep. 9o, 5 =5 -

= — . 2.36
op  Op 8Vp ( )
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This is a general feature of any functional that depends on Vm, instead of Vm.
Several efforts to develop xc-functionals yielding a by, field with a component per-
pendicular to the magnetization have been made, we mention in particular the usage
of the electron gas in a spin-spiral wave state (instead of collinear) as a reference to
build Ex. [30, 31], or orbital functionals [32].

Since LSDA and GGA use the functional dependence of a collinear electron
gas, their first application has been on collinear magnetic structures, in which the
magnetization has the same direction (but may have different magnitude) in all the
points in space. This allows to choose a global spin quantization axis along the same
direction of m, so that m®* = m¥ = 0, yielding Kohn-Sham orbitals eigenstates of
§*, so that

bi(r) = (“0"T()(r)> L =1, N (2.38)

by (r) = (wjf(r» L i1 N (2.39)

with Ny + Ny = N. In this case the Kohn-Sham equations become

{—;—mVQ + Viee [P, PV (1) + Ve (v) — pp b7 0T, nﬂ(r)} pir(r) = e pin(r)

[—;—mv2 + Uch[nT7 ni](r) + Uext(r> + UB b)z(c[nT, n¢]<r):| gpu(r) =& <pz¢(r) , (2_40)

with

W) =3 lea@E ntm) =3 el (241)

Nonetheless, non-collinear systems can be described with collinear functionals,
considering a local (instead of global) spin-quantization axis: m(r) is free to vary
its direction in space, and at each point the xc-functional is evaluated using only
its modulus [33]. In other words, the xc-energy is evaluated as the xc-energy of a
collection of infinitesimal boxes of homogeneous electron gases polarized in different
directions, in the same spirit of LDA for the density only. In this latter case we
have to resort to the general form of the Kohn-Sham equations (2.30) and (2.31),
and the Kohn-Sham orbitals have to be considered as two-component spinors. It
remains however valid, as showed before, that by.(r) // m(r).

2.1.6 TDDFT

The success of the Kohn-Sham mapping to approximate the solutions of the station-
ary Shrodinger equation inspired efforts towards the generalization to the dynamical
case. The first question to answer is whether the correspondence density and po-
tential still holds in the time-dependent case; if so, the Kohn-Sham Ansatz can be
formulated. Affermative answers to this question came by the Runge-Gross The-
orem first, and by the van Leeuwen Thereom later, which provides also rigorous
foundations to the Kohn-Sham Ansatz.
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We consider a time-dependent Hamiltonian of the form of
H(t) =T + Hine + | N(r) vewi(r,1), (2.42)
IRS

where 7T is the kinetic energy and Hine the particle-particle interaction, the Runge-
Gross theorem [34] states:

Runge-Gross Theorem. The densities n(r,t) and n'(r,t) evolving with H(t) from
a common initial state W° wunder the action of two local potentials veg(r,t) and
vl (r,t) that are expandable in Taylor series about the initial time ty, are necessarily
different, provided that

Vet (T, 1) # vl (T, ) + (1) .
Some years later, van Leeuwen proved a generalization of this thereom [35]:

van Leeuwen Theorem. Consider a Hamiltonian in the form of (2.42), and an-
other Hamiltonian H'(t)with a different local potential v! . (r,t) and interacting part
A{nt. Let n(r,t) be the density which evolves from the initial state W° under the
Hamiltonian H(t), and let U be another initial state with the same density and
the same derivative of the density with respect to time —V - j(r,t). Then the time-
dependent density n(r,t) uniquely determines, up to a time-dependent constant, the

potential H.., that yields n(r,t) starting from U and evolving under H'(t).

int

Notice that the Runge-Gross theorem is recovered by setting ¥ = W° and
— Hine. Most importantly, in the case in which 7:[{nt = 0, van Leeuwen’s theorem
proves the existence of a scalar potential that yields, for a non-interacting system,
the same density of the interacting one. This paves the way to the introduction of a
time-dependent Kohn-Sham system of equations: we assume our system to be in the
ground state, where the density n(r) given by the Kohn-Sham wave function WX® is
assumed to be the same as the one given by the true wave function ¥°, by virtue of
DFT. Thanks to van Leeuwen’s theorem we know that even the evolution of the WKS
will yield the true density n(r,t), provided with the correct local potential vks(r,t).
In principle, by solving the evolution of the non-interacting Kohn-Sham system®

X!

int

h2V?
- 2m

ih%z/zi(r, t) = [ + vks[n|(r,t) | Yi(r, t),

occ.

n(rt) = > [i(r. 1) (2.43)

we gain access to the evolution of the true density. In practice, we have no recipe
on how to build such a potential. Similarly to what has been done in the ground-
state case, a time-dependent Hartree term is isolated in the definition of the time-
dependent effective potetnial

vis[n|(r,t) = vu[n](r, t) + ve[n](r, ) + vext (1, ) , (2.44)

SNote that the time-dependent Kohn-Sham potential depends self-consistently on the density
due to the choice of UGS as a starting state.
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where
n(r,t)

e —r'|

vg[n](r,t) = e /]R3 FEN;

and vy[n](r,t) is the time-dependent exchange-correlation potential. In theory, the
xc-potential at a time vy (r,t) should depend on all the past densities n(r,t’), with
t" <t . In practice, it is not clear how to define such a functional and one usually
resorts to the adiabatic local density approxzimation (ALDA), where the xc-potential
is assumed to be the derivative of the ground-state energy functional evaluated at
the instantaneous value of the density:

ALDA S
e (r7 ): 5n(r) n(r):n(r,t).

This approximation has been extensively tested in linear response calculations, and
proved to work fairly well in the computation of optical excitations in finite sys-
tems [36], and collective excitations in extended systems [37, 38|, whereas is known
to fail to reproduce the optical gap in extended systems (see, e.g. Sec. 7.6 of [28]).

(2.45)

v (2.46)

TD-SDFT

The generalization of TDDF'T to external potentials which couple to the spin degrees
of freedom followed the Runge-Gross theorem quite soon [39]. We report here the
equations since, though very similar to ones introduced in the last section, they will
be the starting point for the derivation of our linear-response working equations in
the next chapter.

We consider the time-dependent Hamiltonian

H(t) = H° + /}R 3 [N(r) Vext (T, 1) — M(T) - by (T, t)] : (2.47)

where the ground state of #° is described by the densities n(r) and m(r). The
time-evolution of the many-body densities can be followed through the auxiliary
single-particle system

) w2
maqpi(r,t): [— 5 + vks[n, m(r, t) — ppo - bgs[n, m|(r, )} Yi(r,t), (2.48)
with
Zwl , uBZw* tyoi(r, t) (2.49)
and

vs[n, m](r, 1) = vuln](r, ) + ve[n, m](r, ) + vexi (r, )
bks[n, m|(r,t) = byc[n, ml(r,t) + bey(r, 1) . (2.50)

As in the unpolarized case, the xc-potential in the adiabatic approximation reads

0By 0By

o) i) mien) Sme (e} i

and no memory effects are taken into account.

Uxe(T, 1) =

bgc(r7 t) = -

(2.51)
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2.2 Pseudopotentials

The pseudopotential approximation consists in building an effective potential for
the outermost electrons of an atom, which mimics the scattering properties of the
ion formed by the nucleus and the inner electrons. This approach relies on the
assumption that the core electrons do not participate significantly in the formation
of chemical bonds due to inter-atomic interactions. Apart from reducing the number
of active electrons in a simulation, pseudopotentials are also fundamental in plane-
wave calculations, since they can be built in such a way as to result softer (i.e.
with lower Fourier-components) than the bare ionic potentials. Pseudopotentials
play a key role also when relativistic effects are present, which usually involve core
electrons in heavy elements. Relativistic pseudopotentials [40, 41, 42] can be built by
solving Dirac’s equations for the isolated atom and then used in the self-consistent
non-relativistic calculations for the valence electrons only, so that effects such as
spin-orbit coupling can be accounted for [43].

2.2.1 Norm-Conserving Pseudopotentials

If we treat an isolated atom within DFT, the Kohn-Sham effective potential can be
shown to be spherically symmetric, so that the Kohn-Sham orbitals can be classified
with the eigenvalues of the single-particle angular momentum operators /2 and ¢7, i.e.

—%Vg + vks[n](r) | ¥i(r) = &;¥i(r), i={n,l,m}, (2.52)
where [ and m label the angular momentum eigenstates. In the formation of atomic
bonds, not all the atomic states contribute, and some, the deeper and more localized,
keep their isolated-atom character. These are called core states, whereas the ones
responsible for the bonding are called valence states.

Since the density is a summation over the single-particle states, we can also
define a core- and valence-charge

core valence

nc(r):2‘¢i(r)2, ny(r) = Z ()|, (2.53)

with n = n. + n,. When performing a DFT calculation, the self-consistency can be
reduced to the valence charge only, since the core charge is not expected to change
from the isolated-atom case (frozen-core approzimation). It has been shown that,
though the core wave functions are sensitive to changes of chemical environment
with shifts of several eV, the total-energy error is instead of ~ 0.1eV, due to its
variational nature with respect to the density [44].

In the DFT framework, one can then extremize a “frozen-core” functional of the
valence orbitals only:

E*°[{y}] = w%e <¢z’> (% + 6£§(t>wi> + BEixe [0y] — Vaien:ce Ay <<¢z’> ;) — 5ij> ;
: i

(2.54)
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where 9, is the potential felt by the valence electrons. In the pseudopotential

approximation, 6, is replaced by a potential 9pp, built in such a way that the elec-
trostatic and scattering properties of the atom described by the all-electron prob-
lem (2.52) are well-reproduced outside of a certain core radius 7. [45]. It is possible
to build pseudopotentials with the properties above, which produce smooth wave
functions inside the core radius r. and which coincide with the all-electron wave
functions of (2.52) outside r.. They satisfy the eigenvalue problem
T S .

om + Dixe[fov] + Opp | Pi(r) = & i(r), (2.55)
with the additional property that &; ~ ¢; within few meV. The smoothness of the
pseudo-orbitals 1; turns out to be very useful in calculations which use plane-waves
as a basis set, since fewer Fourier components are required to expand the ;.

Unfortunately, the construction of such a potential is different for each [, and

the total pseudopotential is non-local,” in the form of

vpp(r,0,6,0'¢") =Y " Y (0,0) vi(r) Y;, (¢, ¢') . (2.56)
Im

In actual calculations a summation of terms like (2.56) occurs, one for each ion,
with the spherical coordinates referred to the position of the ion. This form, how-
ever, is particularly expensive in plane-wave calculations, where the fully separable
Kleinman-Bylander reformulation [46] is used instead.

2.2.2 Nonlinear Core Corrections

The ab-initio construction of a pseudopotential begins with an all-electron reference
calculation for the isolated atom, such as (2.52); then an effective potential vlg(r)
is built for each [ of the valence: to this end, several recipies are present in the
literature [45, 47, 48, 49]. At this stage, vlg(r) contains also the Hartree and xc-
contribution of the all-electron configuration; to unveil the potential given by the
ion and core electrons only one has to unscreen vig(r), i.e.

v(r) = vee(r) — valny](r) = vee[na] (r) - (2.57)

This procedure, though working well in most of the cases, sometimes may prove to be
poorly transferable, i.e. fails to reproduce the scattering properties of the atom when
in a configuration different than the reference one (such as it may happen if using the
atomic pseudopotential in a solid). To improve transferability, it has been noted that
the unscreening procedure leaves some dependence on the starting configuration,
since the xc-potential is not linear in density, therefore vyc[ne] 4 vyc[ny] # Vxe[ne+ny].
The correct unscreening procedure is [50]

vi(r) = vlg(r) — va[ng(r) — vxe[ny + ne)(r) . (2.58)

"Pseudopotentials have then to be regarded as an approximation which gives results close to
the original Kohn-Sham problem; their non-local nature, in fact, excludes them from proper DFT.
It holds however the total-energy variational principle with respect to the orbitals ;.
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Since the core contribution to the exchange-correlation part is also removed from
the pseudopotential, it has to be reintroduced in the self-consistent calculation every
time that vy, is computed. It has been shown, however, that a pseudo core density
ne, smoothed below a cutoff radius rg, can be used instead of the true one. The
energy functional to minimize in the pseudopotential scheme, with nonlinear core
correction, is then given by

valence

E[{J}H = Z <77Z~JZ> <ﬁ_2 + @Exi))i}» + EH [ﬁv] + Exc [ﬁv+ﬁc] ) (259)

2m

(2

under the usual contraint (1), 7@) = ¢;; for all the valence electrons. Nonlinear core
corrections are particulary important in magnetic calculations, where the above
procedure reads

u(r) = vlg(r) — valne, my](r) — ve[ne+ny, me+my)(r) . (2.60)

In these cases, in fact, the difference in the magnetization between the atomic and
the condensed-matter case can be dramatic, hence a high transferability is required.
From now on the ’tilde’ will be dropped, yet keeping in mind that the orbitals
and densities discussed in the following chapters are pseudo-orbitals and pseudo-
densities.

2.2.3 Spin-Orbit Coupling

SOC is a one-body relativistic effect which would not emerge if one considered Hamil-
tonian (2.1). The correct starting point is the Dirac equation for a 4-component
spinor under the action of external static quadri-potential (v/c, A), which read
(see [51], Ch. 15)

co w0 (1) + (me® = o) )v(r) = & v (r)

co - wpP(r) — (mc2 - ev(r))wz@ (r) = eV (r), (2.61)

where 7 = p+eA(r). The 2-component spinors wﬁ’ and 1/11@ are respectively called
the small and large component of the 4-component Dirac spinor, where the name
follows from the possibility to write Q/JZ(S) as a Taylor expansion of (v/c)"-order terms
applied to @/é”. Stopping at the (v/c)?-terms one obtains that the large component
has to satisfy

[iLPauli + ilso + iLDarWin + Bkinetic] %@ = (61‘ - mCQ) %(l) ) (2.62)
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where
~ 72
hpaui = o ev(r) — pup o - b(r) (2.63)
hso = Q'U—Tsca . [Vv(r) X f)} (2.64)
A h2e 9
hDarWln - Sm2c2 \Y 'U(I‘) (265)
4
7 p
h inetic — T 5 a2 o 2.66
Kinet 8m3c? ( )

and b(r) = V x A(r). The three corrections are responsible for the so called fine
structure of the electronic levels in atomic physics® we notice that the spin-orbit
term acquires its well-known form in the case of spherical scalar potentials, when

Vo(r) = 94X, so that

hso :ﬁ(r)é'éa (2.67)
_ kB dvl

where {(r) = £2 > and £ =1t x p is the angular-momentum operator. It can be
estimated that the splitting induce by spin-orbit on the atomic levels grows as ~ Z4,
with Z the nuclear charge, in fact its footprints are the more evident the heavier
the atom.

In DFT calculations relativistic corrections are included via the pseudopotentials,
and allow to solve Pauli-type Kohn-Sham equations for 2-component spinors also
for systems where relativistic corrections become relevant. Relativistic DF'T can
be formulated in terms of the four-current variable [52], but it has been shown
that non-relativistic xc-functionals, depending on charge- and magnetization-density
only, can be used without major discrepancies [53, 54]. Once the all-electron, Dirac-
like Kohn-Sham equations have been solved for the isolated atom, Pauli-like Kohn-
Sham equations are solved for the valence electrons, tayloring the effective potentials
in order to reproduce the all-electron large components outside of a cutoff radius.
The main difference with the non-relativistic case is that the solution of the Dirac
equation are classified by the quantum number [, j, m;, with j = + % and —) <
m; < j, so that the pseudopotential acquires the form

vpp(r,0,6,0'0") = Y jm, (0. 6) v1;(r) Y, (0. 8) (2.68)

ljm;

with \?l,j,mj (0, ) being the spin-angle functions, eigenstates of j2, 7% and fQ, j = 0+8.
The pseudopotentital (2.68) displays a dependence on the spin degrees of freedom,
which can be shown to be [40]

Upp(’f’, 97 qb, Q/QZS/) - ZYlm(07 925) |:,U;on(,r,)o_o + UISO(T) S- 2 Yl*m(ela gb,) ’ (269)
lm

8The kinetic term is a relativistic correction to the kinetic energy coming from the Taylor
expansion of E = /(mc?)? + p?c?, the Darwin term produces shifts in the s-states, being propor-
tional to §(r) when v(r) is the Coulomb potential. The vector-field terms contained in 7 describe
different physical phenomena, namely diamagnetism and absorbtion, scattering and emission of
electromagnetic waves.
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where the term vi°"(r) is obtained in practice by j-averaging form (2.68), and is the
only term used in scalar-relativistic pseudopotentials. A fully-separable Kleinamn-

Bylander form for relativistic pseudopotentials have been devised in [43].

Ultra-Soft Pseudopotentials and PAW

The pseudopentials sketched in the previous sections are called Norm-Conserving
(NC), since the sum of the square modulus of the pseudo-orbitals gives the same
integral of the all-electron valence density. There are, however, more advanced
pseudopontials in which the norm-conservation, and subsequently the orthonormal-
ity of the pseudo-orbitals, has been sacrificed to improve softness and transferability.
These are the Ultra-Soft (US) pseudopotential [55] and the Projector Augmented-
Wave (PAW) scheme [56], the former being a particular case of the latter [57]. PAW
pseudopotentials display a lower transferability error with respect to US pseudopo-
tentials, and provide a way to reconstruct the all-electron wave functions. Both
the US-pseudopotential and PAW schemes have been extended to linear response,
the interested reader may refer to [58] for the former and to [59] for the latter.
Throughout this thesis only Norm-Conserving pseudopotentials will be used.

2.3 Extended Systems

We consider a crystal as a collection of Nees = NN, N, identical unit cells with
periodic boundary conditions (known as Born-von Kérman (BvK) conditions), in
order to avoid the explicit treatment of the surface.” The Kohn-Sham potential can
be shown to have the same periodicity of the lattice defined by the position of the
ions {R}, resulting into the Kohn-Sham orbitals being Bloch states, i.e.

Vi (1) = T (r) Unk(r + Ry) = tyi(r) . (2.70)
where n is the band index and k has the discrete values
2 2T 2T
ky, = amNmnz’ k, = ayNyny’ k, = aZNZnZ’ Ny, Ny, My = 1,2,..., (2.71)

due to BvK conditions that we imposed on the Bloch orbitals. We notice that,
when restricting into the Brillouin Zone (i.e. n2* = N,, a = z,y, z), the number
of k-points equals the number of unit cells, therefore increasing the k-sampling is
another way of performing the limit N.ps — 0o. For this reason, in the following
Ny will be used instead of N Quantities such as the density and magnetization
per unit cell are then given by

BZ enk<er BZ enx<er

n(r) = Nik ; Z Ui (1) m(r) = ]lif_i zk: Z ulk(r) ou(r). (2.72)

where the periodic parts of the Bloch’s functions are to be intended as 2-component
Spinors.

9Here we made use of the assumption that for a large enough Nges, we expect the boundary
conditions not to be relevant.
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Egs. (2.72) involve only the periodic part of the Bloch orbitals, the self-consistent
equations are then usually rewritten in terms of u,, only:

/Qo d*r's(r — 1) [ (-%(V +1k)? + Vpec[n, m] (r))
+vpp(r, I‘/)eik-(rr’)} Unic () = En Ui (T) (2.73)

where € is the volume of the unit cell and we denote the k-dependent Hamiltonian
in square brackets as hy. From now on we restore the general notation 1; and ¢,
where ¢ = {nk} and ), — Nik > .k in the case of extended systems.

2.3.1 Smearing the Fermi Function

The summation over the Brillouin Zone as in (2.72) yields the correct thermody-
namic limit if tending to the integral of the discretized function

lim iZf(k):/BZd%f(k), (2.74)

which cannot be true when f(k) is a discontinuos function. A very important case
of these can be seen by rewriting the electron density as

n(r)=>_ / Pk Iep — en) [un(r)]? (2.75)

where ¥(ep —,x) is the step-function referred to the Fermi level ep. In metals there
are bands €, crossing the Fermi level, therefore the integrand of (2.75) is discon-
tinuous and cannot be discretized. This issue is solved by noting that the Fermi oc-
cupation function is actually continuous at any finite temperature, therefore adding
a (fictitious) temperature o to the system allows to discretize the BZ-integrals. The
price to pay is that the results might depend on the (fictitious) temperature, and
the convergence of the properties of interest with respect to ¢ has to be checked.

To see how to reach this goal, let us start by smearing the Dirac’s delta functions
appearing in the density of states, i.e.

ie) =Y %S <5 ;5) . (2.76)

In this way, the knowledge at a given point is spread over a small area of neighbouring
k-points. The parameter o is related to the width of the smearing function and

lim 15 (5> =) . (2.77)

o

has to hold. Such a method is equivalent to the addition of a fictitious temperature
to the electronic system, in fact the Kohn-Sham energy can be written as

s = / T decile), (2.78)

—00
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substituting the smeared density of states one obtains

o= £ )5

51') , (2.79)

where

3(a) = / " dydy) (2.80)

—0o0
is a smeared step-function, i.e. an approximation of the Fermi function, and

T

S(x) = —/ dyyo(y) (2.81)
—0o0
can be interpreted as an entropic term which couples with the fictitious temperature
o: if we choose the Fermi distribution as 15, and its derivative as 0 , one obtains the
entropy of the free-electron gas, and o = kgT'.
The definition of occupied single-particle states changes accordingly to the oc-
cupation function, so that the density and magnetization are now defined as

Zﬁ(gF %) (2:82)
O (%) Pl o ti(x) (2.83)

The free-energy functional to extremize when smeared occupations are used is
therefore

Er[{(wh 93] = 320 (v (2 088) ) + B o) + Buc [yt

- UZS(&') - ZAij<<¢i,¢j> - 5ij> + M(N - Z@z) ,
(2.84)
with
= Zéi ()], uBzﬁ Yl(r) o vi(r). (2.85)

Notice that the functional is variational also with respect to the occupations 9, in
fact the stationarity condition reads

0F, S & —
= = S — =

, (2.86)

which is true for any occupation function 9(z) and entropy S(x) satisfying Egs. (2.80)
and (2.81) with x = #-=. In practice, during the constrained-minimization proce-
dure, the approximate eigenvalues ¢; and chemical potential p are computed, and
with them the approximate ¥; = J((g; — pt)/0); when convergence is reached, the
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orbitals {1;} and the occupations {;} minimize the free-energy functional at a fixed
smearing function and o.

Different types of smearing functions have been proposed, from a simple Gaus-
sian form [60], to the Methfessel-Paxton’s expansion of the Dirac’s delta in Her-
mite polynomials [61], the latter endowed with better-behaved convergency fea-
tures. The Methfessel-Paxton’s smearing, however, displays a negative bump and
non-monotonic behaviour in the occupation function 15(:1:) The Marzari-Vanderbilt
cold-smearing [62] heals the negative-bump feature, at the price of 4(x) not being
an even function anymore. A thorough discussion of the derivations sketched above,
and of the subtleties of the smearing approach can be found in Ch. 4 of [63], whereas
for the generalization to the linear-response case the reader is referred to [64].
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THREE

LINEAR RESPONSE

The time-evolution induced by a time-dependent external perturbation drives a sys-
tem into a dynamical superposition of all its unperturbed eigenstates. Consequently,
the dynamics contains information about the excited states of the unperturbed sys-
tem. Linear response theory encodes this information into the response functions,
which, as shown in Ch. 1, are the theoretical tools needed to interpret inelastic
scattering experiments. In the first part of this chapter, response functions, or sus-
ceptibilities, will be introduced in the general linear response theory framework; the
second part is instead devoted to the definition of response functions in TDDFT,
and to the numerical approaches used for their computation.

3.1 Linear Response Theory

Susceptibilities are equilibrium properties of a physical system which characterize
its reaction to external perturbations. They are defined as the first-order response
of an observable A to a time-dependent external field fo (%),

t
SAW) = [ 4 Xt 1) fol?). (3.)
to

where fox(t) = 0 for t < ty. Time-translational invariance, which ensures y to be an
equilibrium property, is explicit in its definition (3.1), and so is causality: x(t —t')
is defined only for ¢ > ¢'.

In quantum mechanics, an expression for the susceptibility can be found by
considering the time-evolution of a system, initially in the ground state, undergoing
the perturbation

;Lzext(t) = Bfext(t) ) (32)

which describes the interaction between the system and the external field fex(t).
To make an example, fe(t) can be a magnetic field, and B the spin operator. After
a first-order expansion of the time-evolution operator in the external perturbation
(see, e.g., Ch. 3 of [28], or Ch. 5 of [65]), one obtains

Xas(r) = 00 (W, [A(), B(0)] wss) 3.3

31
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where “” denotes the Heisenberg representation of an operator with respect to the
unperturbed Hamiltonian

AR(t) = i ™ A e in ™ (3.4)

The susceptibility in the form of (3.3) is also known as retarted correlation func-
tion, due to the presence of the step function 6(7) which ensures causality. To
distinguish the response of different observables to different perturbations, the two
operators appearing in the commutator of (3.3) will be reported as subscript in the
susceptibility.

Finite Temperature Formalism

At finite temperature, for t < ty, the system is assumed to be in the thermal
equilibrium with a reservoir, so that the eigenstates of the unperturbed Hamiltonian
are populated with probability
¢—BEn
7
where 8 = 1/kgT, Z =Y, e PPn is the canonical partition function and E, are the
eigenvalues of #°. The expectation value of an observable Ais given by the thermal
average

Pn = (35)

(A = an (we, AT°) (3.6)

When the external field fe,(t) is turned on, the interaction Hamiltonian between
the bath and the system should participate in the time-evolution, leading to cou-
pled bath-system dynamics which is, in practice, unfeasible, either for the size of
the problem or for the ignorance of the interaction Hamiltonian. However, when
the typical frequencies of the external field are much higher than the inverse of
the thermal equilibration time, the unperturbed states can be considered to evolve
independently long enough to write

= P (Ta(t), AV,(1)) . (3.7)

where the populations p,, have been kept frozen. Within this adiabatic assumption,
the retarded response function is found to be

an(r) = Zp6r) o (¥ i [A(r), BR(0)] wr). (3.8)

At zero-temperature, p, = 1 for the ground state and vanishes for the remaining
others, recovering Eq. (3.3).

3.1.1 Excited States and Energy Dissipation

The Fourier transform of (3.1) reads

IA(W) = X(W) fexi(w) , (3.9)
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and describes the response of the system to a monochromatic perturbation in the
form of

L24(0) = [Al fon(@)e™™ + A5 (w)e™!] e (3.10)

Making use of the completeness of the unperturbed eigenstates, the Fourier trans-
form of the susceptibility can be written as!

. we Awe y(we At
Xaat(w) = lim Z(p”_pm)<M—(E >£E )+i77> , (3.12)

n—0t

and its imaginary part reads

e () = =5 0 o[ 1005, AWE) 26w = ) = (95, ATWE) 26w + )|

(3.13)
with wy,, = (E,, — E,)/h being the eigenmodes of the system. Eq. (3.13) contains
the density of excitations of the system, and is stricly linked to the power dissipation
W(w) via (cf. with Eq. (2.9) of [66])

W(w) = =20] fexe(w)* Imx aat (W) - (3.14)

The excitations act as absorption channels for the energy delivered by an external
field, but only when the frequency of the latter equals one of the eigenmodes of the
system. It can be further shown that

Iy (@) = =2 (1= e ) S au(w). (3.15)

where the dynamical structure factor Sy4i(w) is defined as the Fourier transform of
the auto-correlation function

1 +o0 ‘ R .
S () / dt et AR (1) ATy,

:% .

. 1 [t , " .
~ ldalsw) + 5 [ A AN, (310
with 64 = A — <A)th. The last term in Eq. (3.16), the only one active for NON-ZEro
frequencies, is the autocorrelation function of the fluctuations of the observable A,
the energy absorbed by the system through its eigenmodes is therefore fed into the
fluctuations of the coupling variable. The link between W (w) and S 441 (w), realized

through ITmy 44t (w), goes by the name of fluctuation-dissipation theorem [66].

Here we notice that in Eq. (3.10) an adiabatic switching-on has been introduced in order to
extend linear response to the case of perturbations that do not vanish for ¢ — —oo, such as periodic
ones. The switching-on time scale has to be much longer than the period of the perturbation,
i.e. w >> 7, so that the system can actually experience the periodic field for finite times. On the
other hand, the switching-on has to be faster than the thermal equilibration time y~!, not to break
the adiabatic approximation, therefore n > . We also remind that

+o0 +oo
/ dt 6(t)f(t) = lim dt ! @=mt (1) (3.11)

’I]—)O+ 0

can be used to obtain (3.12) directy from (3.8). In this sense, the e factor and the step function
play the same role in the Fourier transform.
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Multiple Fields

If the system is subject to multiple periodic fields of the same frequency, coupling
with the operators A, (such, e.g., the three component of a magnetic field coupled
with the three components of the spin operator), the perturbing Hamiltonian reads

He () = Z [Alfa(w)e_m + Ao f2 (w)ei“’t] e (3.17)

The average power absorption can be found to be equal to [67, 28]

= 20 L 2 Lasle) (), (3.18)

where the loss tensor L,s(w) is nothing but the anti-hermitian part of the Fourier
transform of the susceptibility

Lapl®) = o [taas @) = Xy @) ] (3.19)

The fluctuation-dissipation theorem generalizes to

Los(w) = —% (1= ) Sy ut (). (3.20)

In the case of one external field only, the anti-hermitian part coincides with the
imaginary part, recovering the previous results.

3.1.2 External Fields and Extended Systems

When the typical spatial modulations of the external field foy(r,t) are comparable

with the size of the physical system, the inhomogeneity of fox(r,t) (and, in case, of

the system) has to be accounted for. This is always the case for extended systems.
The perturbing Hamiltonian for multiple, inhomogeneous fields, reads

Hot) =3 [ @' Au) e, (3.21)

the position-dependent susceptibilities are defined as
X Aoy (1,1, 7) an<\lf (Al 7), As(r)] we), (322)

they relate the response of an observable in r’ at the time 7 to a perturbation
intervened in r at time 7 = 0.

If the system were homogeneous, one would have x4,.4,(r —1',7), and conse-
quently

W) =Y X (Qw) f5(Qw). (3.23)
B
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so that the response to different spatial periodicities would be completely decoupled.
In the case of periodic systems, translational invariance is only discrete and one
obtains

BZ
5Aa(q+G,CU) = ZZXAQA;(Q+G,Q+G/aW) fﬁ<q+G/7W)7 (324>
B G

where q € BZ. Therefore, in a periodic system all the wavevectors connected by a G-

vector contribute to the same excitation. The susceptibility appearing in Eq. (3.24)

is often denoted as Xj’Gf;T (q,w).
aAg

3.2 Linear Response in TDDFT and TD-SDFT

Let a system described via the DFT-densities n°(r) and m°(r) be subjet to the
time-dependent perturbation

~ ~

How = /R ) b, 1) — () D). (3.25)

As a result, the densities acquire some dynamics, that is considered in the Fourier
space:
n(r,w) = n°(r) +n'(r,w)
ma(r,w) =mo(r) + m,(r,w). (3.26)

The Hartree and xc-potentials will change accordingly, and can be expanded at the
first order in response densities:

Ve (1, W) = Vpe (T) 4 Ve (1, w)
b (r,w) = 05 (r) + b (r, w) (3.27)

with
Ve (T, W) :/ d3r’KHXC(r,r’,w)n’(r’,w)—1—/ &3 J2 (r, v w)ml (v, w)
R3 R3
Ve (r,w) = /]R3 d®r’ J2 (v, x' w)n/ (v, w) +/RB ' 12 (r, v, w)mj(r', w),  (3.28)

where a summation on repeated indexes is intended. One can compactly write
Sorse(r,) = [ 1 a3l ), (3.20)
IRS

T / AN Iz T T Y z T / / / /
where 5UHXC - (UHXC’ bXC’ bxym bxc)? 5Uext - (Uext7 bext’ bext? bext)? 5p - (TL » My, my’ mz)’
and

KHXC J)fc J)?c J}fc
S Lie L& IE

Joixe = : (3.30)
S e 1@ IZ

z zZT zY -2
JXC ‘[XC ]XC [XC
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The 4 X 4 susceptibility of the non-interacting Kohn-Sham system x°(w) and the
interacting system x(w) are defined through

dp(r,w) = / d*r'\(r, 1, w) [MHXC(r’,w) + 5vext(r’,w)} (3.31)
R3

dp(r,w) = / APr'x (1, 1/, W) Sext (¥, W) | (3.32)
R3
where x"(w) can be written in terms of the unperturbed Kohn-Sham orbitals as

o g g @] [ @)
Xap(r¥',w) = lim 2 (Vri = Vry) R P e '

(3.33)

Notice that o = o, x,y, 2, where ¢° denotes the 2 x 2 identiy in the spin space,
therefore the charge operator. By combining (3.29), (3.31) and (3.32), one obtains
the TDDFT Dyson equation

X(w) = x"(w) + X" (W) fixe(w) X (w), (3.34)

whose solution is, by definition (3.1), the Fourier transform of the charge-spin sus-
ceptibility of the system, a 4 x 4 tensor in the form of

XNNT D XMt Xvm) Xy

,,,,,,,,,,, e

XMoNT P Xppo it Xpvtoml, Xt
) = | y , (3.35)

XMNT XMl Xyl Xl

|
XMNT Y Xpomh Xmvom) Xavemd

As seen in Ch. 1,the anti-hermitian component of (3.35) provides the density of
charge-charge, spin-spin and spin-charge excitations of the system. The formalism
of linear-response in TDDFT can be used to compute the susceptibility of any local
one-particle operator, given that their expectation values can be expressed in term of
n(r,t) and m(r,¢). To mention but one example, the response of the dipole operator
d=—eftoa time-dependent, homogeneous electric field can be computed in order
to obtain the dynamical polarizability of finite systems [36].

3.2.1 The Adiabatic Kernel

In the TDDFT adiabatic approximation, the kernel fy,. becomes static and can be
expressed via the second derivatives of the Hartree and xc-energy functional

52 Fy
= O Hxe
KHXC(r7 r ) - (571(1')571(1'/) ninoo (336)
« / 52EXC
ch(l‘, I') - 5ma(r)5n(r/) n=n°_ (3.37)
PE
I (r,r') = X :
xc (I‘, r ) 5ma(r)5mﬂ(r/) n=n®_ (3 38)

@
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The lack of a frequency dependence means that fy,. is a real tensor, which, in turn,
has implications in the physics that the adiabatic approximation can describe. In
fact it can be seen from (3.34) that the imaginary part of x%(w), i.e. the independent-
particle continuum of transitions, can be renormalized but not shifted in the full y(w).
This leaves room for only two scenarios: in the first one a new peak appears in y
at wy outside of the independent-particle continuum, after the resummation of the
Dyson equation: this has to be intended as a collective excitation of the system, for
which the adiabatic approximation predicts infinite lifetime, being a genuine pole
that satisfies 1 — fiRex®(w) = 0. In the second scenario, the Dyson resummation
enhances Imy® around a certain frequency wy, producing an excitation which stands
out of the continuum and is endowed with a finite lifetime. These are considered
as collective modes broadened by the continuum, i.e. well-defined excitations that
decay after a certain lifetime in other single-particle excitations of similar energy.

3.2.2 Computing the TDDFT Susceptibility

In order to solve the Dyson equation, the non-interacting Kohn-Sham response func-
tion has to be computed. A straightforward approach involves the summation over
the empty states in Eq. (3.33), which are virtually infinite in number. In practice,
only a finite amount is included up to a cutoff €., which becomes an additional
convergence parameter. In extended systems, where empty states have to be in-
cluded for each k-point, this turns out to be a serious bottleneck and additional
approximations are required [68].

An alternative approach is to compute via the KKR method the spin-resolved
Green’s function of the Kohn-Sham Hamiltonian G, (r,r’,w) [67, 69], then obtain
X°(r, 1, w) as a frequency-convolution of two Green’s functions. The computation of
X°(w) still remains the bottleneck of the method, and has to be repeated for different
values of the frequency.

In order to avoid a direct solution of the Dyson equation, an equivalent approach
is to apply perturbation theory to the linearized time-dependent Kohn-Sham equa-
tions. This results in a set of self-consistent Shrodinger equations for the response
orbitals, named Sternheimer equations. This method is the time-dependent gen-
eralization of DFpT [70], and allows the computation of x(w) without the explicit
computation of empty states. The first TDDFT magnetic susceptibility has been
computed by Savrasov [38] with this approach which, however, still requires the
solution of a set of Sternheimer equations for each frequency w.
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Non-Collinearity

If a collinear system is magnetized along the z-direction, the non-interacting sus-
ceptibility x"(w) reads

Xant Xpradt
,,,,,,,,,,,,, TR
0 " X%t X 0
MM, MM
() = At , (3.39)
O X X 0
|
X?le ‘ 0 0 X?\AZMZ
whereas the LSDA kernel becomes
Kige ' 0 0o J?
o Iz 0 0
foc . (340)

It follows that the transverse zy-sector is decoupled from the longitudinal charge-
spin sector, and a Dyson equation involving only the 2 x 2 zy-blocks in Egs. (3.39)
and (3.40) can be solved. All the methods mentioned in the last section have been
implemented within this collinear-magnetization framework, and cannot aim at de-
scribing the non-collinear physics mentioned in Ch. 1. When SOC is accounted for in
the ground-state problem, the non-interacting susceptibility x°(w) is not decoupled
anymore in a two-block struture such as in (3.39), and the whole 4 x 4 matricial
Dyson equation has to be solved.

To the best of our knowledge, only a KKR-based code at present features the pos-
sibility of computing magnetic susceptibilities for non-collinear systems [9], though
only on the Atomic-Sphere Approximation (ASA) level.? In the following chapter,
we present a method to compute the spin-charge susceptibility tensor (3.35) in a
fully non-collinear framework, which does not require the explicit computation of
empty states and whose bottleneck is independent of the frequency w.

3.3 Other Methods

Here we briefly review other methods used to compute ab initio or partially ab initio
magnon dispersions.
Adiabatic Spin Dynamics

In the Adiabatic Spin Dynamics Approximation, the charge and the magnetic-
moment evolutions are decoupled; the spin dynamics is studied by mapping the

’In the ASA approximation the direction of the spin-density is taken to be collinear inside
spherical regions centered on the atoms. SOC is a source of intra-atomic non-collinearity and the
reliability of this approximation strongly depends on the system [9].



CHAPTER 3. LINEAR RESPONSE 39

many-body system onto a Heisenberg Hamiltonian

A 1 R R
H= —5 Z JRR’ SR * SR/, (341)

RR/

which is let evolve under a transverse, time-dependent, magnetic field [71]. The
exchange parameters Jrrs are usually derived from ab-initio ground-state calcula-
tions. This approximation turns out to be appropriate for the long wave-length part
of the acoustic modes, in which the spin dynamics is some orders of magnitude slower
than the ones of the faster Stoner excitations. An important drawback is that only
a finite number of infinite-lifetime modes is given by the Heisenberg Hamiltonian,
therefore no spin-wave damping can be studied within this approximation.

Empirical Tight Binding

In the Empirical Tight Binding (ETB) scheme, a model Hamiltonian of multi-band
Hubbard type is built

7:[ = Z Z th, c;ch/ja + % Z Z Z U;{’kl C;igckjo/CRla’cha (3-42)

RR' ijo R ijkl oo’

where R, R’ label the lattice sites, ¢jkl the orbitals and oo’ the spin. The parameters
t and U are usually obtained by fitting ab-initio ground-state calculations, and only
a subspace of the orbitals enters the effective Hamiltonian, e.g. the d-orbitals for
ordinary ferromagnetism. The equation of motion for the spin operator is then
solved in the RPA approximation, yielding a Dyson equation whose solution is the
dynamical susceptibility. ETB is the least expensive approach that features a true
dynamical susceptibility, and historically has always been the first tool used to model
and understand new systems of interest. As an example, the spin-wave damping due
to SOC in ultrathin ferromagnets has been first studied with the ETB approach [6],
with the appropriate inclusion of a spin-orbit term in (3.42). We notice that the
Dyson equation in the ETB approach has a static kernel, linked to the U-parameters
appearing in the Hamiltonian.

Many-Body Pertubation Theory

The Bethe-Salpeter Equation (BSE) is a set of self-consistent equations for the 2-
particle Green’s function, whose partial traces can produce all the correlators of
one- and two-body operators. A formulation of the BSE in terms of spin-resolved
Green’s functions has been applied to collinear systems [72]; the self-consistency
over the 1-particle Green’s function is neglected and the screening W (r,r’, w) is first
calculated solving the Dyson equation

W(w) = v+ vx*(w)W(w), (3.43)

and then fed into the BSE for the 2-particle Green’s function. The starting x° has
always been chosen as the Kohn-Sham one, represented in some localized basis set.
In spite of the heavy formalism, this formulation of the BSE equations is equivalent
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to a Sternheimer formulation of TDDFT with a non-local, frequency-dependent
response potential [73]. To the best of our knowledge, so far only calculations on
BCC-Fe and FCC-Ni have been performed by using static, non-local screenings
W(r,r') and a DFT x°(w). In these cases the main discrepancies with experiments
have been attributed to the deficiencies of the starting x°, and the non-locality of

the response potential has been argued to act as a small correction to the adiabatic
TDDFT results [68].



CHAPTER
FOUR

LIOUVILLE-LANCZOS APPROACH TO MAGNETIC
EXCITATIONS

In this chapter we present a method to compute magnetic excitations in a fully
non-collinear framework, without explicit reference to the empty states. The chap-
ter is organized as follows: in Sec. 4.1 we introduce the general framework of the
method. In Sec. 4.2 we review the Liouville-Lanczos (LL) formalism in the cases
of non-magnetic finite systems [74, 75|, and non-magnetic, non-metallic, extended
systems [37, 76, 77]; in Sec. 4.3, we present the generalization of the LL approch to
finite magnetic systems and extended magnetic systems; this is the central part of
the chapter. Finally, in Sec. 4.4, we discuss the usage of the Lanczos algorithm in
our approach.

4.1 Linear Response and Density Matrix

The expectation values of a local, one-particle operator A can be computed in terms
of the spin-resolved one-particle density matrix p,o(r,t)

A(t) = Tr [A ,a(z)} , (4.1)

where the trace is meant over one-particle spin and space coordinates. In. (4.1) we
have defined one-particle operators as

N
A=Y A, (4.2)
=1

with A, acting on the spin and space degrees of freedom of the i-th electron.! Ex-
amples of operators as such are the charge- and magnetization densities A (r) and
M(r) defined in the previous chapters.

"'When there is only one set of single-particle degrees of freedom, the subscript ¢ will be dropped,
since no ambiguity arises. This is the case, e.g., of A in Eq. (4.1)

41
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Link with the Reponse Functions

Let a system be in equilibrium, described by the one-particle density matrix p°, and
subject to a time dependent perturbation due to a local field fo (). The first-order
expansion of the resulting density matrix

plt) =p° + 9 (t) + O (faa) (4.3)

is immediately related to the susceptibilities of the system. In fact, by substitut-
ing (4.3) into (4.1) and Fourier-transforming in time, one obtains

SA(w) = Tr [A 5’@)] = 15(W) fos(), (4.4)

where B = Zf\;l B, is the one-particle operator coupling with the field fext(t) in
the perturbing Hamiltonian. The knowledge of the response density matrix ,3’ (w)
is therefore enough to compute the response functions of any one-particle, local
operator A.

Single-Particle Framework

In a single-particle theory, the time-dependent density matrix can be written in
terms of the one-particle wave functions?

occ.

pt) = Z i) (), (4.5)

so that the response density matrix reads

occ.

ORI ONAERTEAGIR (46)

%

The [(t) are defined as

erT (1) = 0f + (1) + O (f2) (4.7)

as the first-order correction to the unperturbed %7, and can be computed via time-
dependent perturbation theory.

Self-Consistency

In a self-consistent framework the unperturbed system is described by the orbitals

¢, solution of
~9
hewe = g0, he = zp—m 0%, (4.8)

with 95 depending on the ¢f. In DFT, the last equations correspond to Eq. (2.17)
in the spin-unpolarized case, to Eq. (2.40) in the case of collinear magnetism, and to

2The T symbol has to be inteded as complex conjugation and transposition over the spin indexes,
in the case of spinorial ;.
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Eq. (2.30) in the case of non-collinear magnetism. The time-evolution due to fex (%)
is instead described by

L Oi(t) ; P A

— . = - 4.

0D By ule), R = 2k dunlt) + fea(r) (4.9)
with () depending on the v;(t). Eqgs. (4.5)—(4.7) still apply and the 1.(¢) can be
computed via perturbation theory, with the difference that O (fex)-terms arise also
from the linearization of 0. (%), i.e.

Dot (t) = 05 + 0l (1) + O (f) - (4.10)
Perturbation theory has then to be applied considering
(1) = e (t) + Dexe(t) (4.11)

as the time-dependent perturbation.

Summary

A one-to-one relation between the susceptibilities and the response orbitals ¢} (t) has
been established through the linearized density matrix. In the following, we shall
write a set of linear equations for the Fourier transform of the response orbitals

!(w), which determine j'(w) via®

OcCcC.

) =3 i) et + v b (—w)] - (4.12)

7

We shall then relate the solution of the linear system to the susceptibility xas(w).
The linear equations turn out to be considerably different when magnetic systems are
considered, therefore we shall first review the non-magnetic case, before we develop
our method in detail.

4.2 The LL Approach to Non-Magnetic Systems

4.2.1 Non-Magnetic Finite Systems

We review the formalism of the Liouville-Lanczos approach in the case of non-
magnetic, finite systems. Only a set of real orbitals is necessary, since no ther-

modynamic limit is required and Time-Reversal Symmetry (TRS) is assumed to
hold.

3Note that %T(—w) is the Fourier transform of ¢;(¢) computed at —w, then hermitian conju-
gated.
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Linearized Density Matrix and Empty States

We know by standard time-dependent perturbation theory that the Fourier trans-
form of ¥[(t) reads

) o
= lim Z o pa— ‘1‘“7% : (4.13)

n—0+

where

) = 5 [ A0, (4.14)

2m
Substituting (4.13) into (4.12) we obtain

& @) ()

ﬁ%ii:[ R A A PN e R
(4.15)

Given that the potential ¥'(t) = fy.(t) + Oext(t) is hermitian,* one has 0/;(—w) =

¥j;(w). By writing » . = 7% —|—Zjﬁmpty, one can see from (4.15) that the terms

where 17 is an occupied orbital identically cancel, thus we can rewrite

occ.

Fw) =D [(Pediw)) v+t (Pedi(—) ] (1.16)

(2

where the projector over the empty-state manifold has been introduced

occ.

Po=1-) v (4.17)

We conclude that, in order to compute any response property, only the projection of
the response orbitals 1} (w) over the unperturbed empy-state manifold are required.
Use of Time-Reversal Symmetry

In non-magnetic systems, the Kohn-Sham Hamiltonian commutes with the time-
reversal operator, and in the case of scalar wavefunctions one has

Uyt =Tyy = ¢ € R. (4.18)

Eq. (4.16) can therefore be rewritten as

occ.

= D8 | Pediw) + Pl ()] (4.19)

4The linearized Hxc-potential 9j;,.(t) is hermitian, given the symmetry of the kernel K (r,r’)
and the hermiticity of p'(t).
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Linearized Time-Dependent Kohn-Sham Equations
By virtue of (4.16), we look for the equations whose solutions are
zi(w) = Pedl(w),  yilw) = Pt (—w) (4.20)

In Eq. (4.13), the fraction is a complex number which weighs the unperturbed or-
bitals, hence one can see that by applying [hw — (h° — &;) + in] to FPey(w) and
[hw + (h° —&;) + in] to P1)!*(—w) the denominators cancel out, obtaining

(b = &) = (i + i) |23 w) + P Bge [ X, Y] ()15 = =P Do ()55

[(ilo — 51‘) + (hw + ZT])i| yz( ) + PC Uch [X Y] ( )w PC Uext(w)wo . (421)

In Eq. (4.21) we have defined the sets of orbitals,

X = {xz(w)} Y = {yi(w)}, (4.22)

called batches [74]; each set contains Ny, orbitals, with Ny being the number of the
occupied unperturbed states. The linearized Hartree and xc-potential reads, in term
of the batches,?

UHXC [X Y] ( ) = /1;3 d37, Kch(r7 I‘/) n’(r’, w)

:2/ Br Ko (.7 Z¢ [2:0) + ()] (4.93)

The whole set of equations (4.21) can be recast in the more compact form by intro-
ducing the D and K superoperators,® whose action over the batch space reads

DX(r) = {(if - 5i)xi(r,w)} (4.24)

= {2 Z P, / A1’ 7 (r) K (r, ') 15 (r") 2;5(x, w)} : (4.25)
, R3
J
We can then write (4.21) as

(D+IC K )G/f)_hw(X): {_pc’:’e’“ww’g} , (4.26)

K Dok V) 7\ Rt

We conclude by noting that a rotation of the batches can be performed by defin-
ing [78]
1

Q=- (X+Y) P=3(X-Y), (4.27)

5The factor of 2 in Eq. (4.23) comes from the spin-degeneracy which enters the charge density.

6Superoperators are objects which map an operator into another one, such as a commutator
with a fixed operator. Why D and K are (representations of) superoperators will become clear in
the next section.
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so to obtain the even simpler form

(0% D) (25 (2) = (i) o2

The simplification due to the rotation (4.27), which will be referred to as Standard
Batch Rotation, is due to the TRS, which allows to write the response density as a
function of the @ only (cf. (4.19)).

Quantum Liouville Equation and Batch Representation

An alternative way to derive Egs. (4.26) is to start from the time-evolution equation
for the density matrix
opt) _ 15

ihC= = [h(t),/s(t)] , (4.29)

known as the quantum Liouville equation. Linearizing B(t) —he (t) + O(f%,)
and p(t) = p° + p'(t) + O(f2,) like it was done in last section, we obtain, after
Fourier transforming,

L (w) =hwp (w) - [5ext(w), ff’] , (4.30)
where the Liouvillian superoperator has been introduced
L7 = [0 F@)] + [ew). 5] (4.31)

Note, by considering Eq. (4.30) with a vanishing external field, that the eigenvalues
of the Liouvillian are the excitation energies of the system.

Now we introduce a mapping between one-particle operators defined in (4.2) and
two batches of orbitals, which we shall call batch representation of an operator:

As {ar}

A — - : (4.32)

where

x
a;

Pedyy, = (R AT¢;>* . (4.33)

It can be easily shown that the batch representation of Eq. (4.30) is exactly Eq. (4.26):
In particular it is worth noting

i 2 (3) (434)

Liw) 25 <D_J;C’C _D’C_ }C) <§§> . (4.35)
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Response Functions

The external potential field couples with the one-particle operator B, so that

Dext (W) = BT fo(w), (4.36)

and we can invert the Liouville equation obtaining
§w) = (o = £)7 | BLA ] foulw) (4.37)

Substituting (4.37) into (4.4) one obtains
Xas(w) = Tr {A (hw — L)~ [BT, p H . (4.38)

To make an example, if A and B are two components of the dipole operator, i.e.
A =d* and B = d°, then XAB(w) = aqap(w) willa be the dynamical polarizabiliy,
defined as the response function of the dipole operator to a homogeneous electric
field. We conclude by noting that the batch representation maps the trace into a
scalar product, defined as

Tr [A, [3‘] = <A,B> - Z [(a“bf) ( f,bf>] , (4.39)
4.2.2 Non-Magnetic Extended Systems

The LL approach has been generalized to extended systems in [37, 76]. In the
following only insulating extended system will be treated, the discussion of metallic
systems is delayed to Sec. 4.3. The Kohn-Sham unperturbed system reads

DY = Enkc Ui (4.40)

and the Kohn-Sham orbitals are Bloch orbitals. It immediately follows

ocCcC.

Fw) = 3 [Pl V55 + V()] (4.41)

nk

where k € BZ.

Response Density Matrix and Empty States
By using (4.13) with ¢ — nk we have

occ. / ) (Cd)
1 E E k' ;nk O/ ’ o*
nirglJr nk n'k’ |: 8 n'k! — & k) +”]¢ ) ¢nk
Upieie (@)
- ’ erl 4.42
hw + (8n’k’ — 5nk> + annkw k ( )
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where the hermiticity of ©'(¢), i.e. 9y 1 (—w) = U}y e (w) has been considered in
the second term. Likewise in the finite-system case, the terms in which nk and n'k’
are both occupied cancel out, and we can write

occ.

Fw) = 3 [ (Petiuw)) s+ v (Pedlu—w)) ] (4.43)
nk
where oo,
Pe=1- Z Ve Unne - (4.44)
n'k’

Perturbation at Finite Wave Vector

The crucial difference with respect to finite systems is the that for extended systems
one is interested in the response to specific single-wavelength perturbations

'ﬁext,Q(w) = BIQ fext(Qv w) ) (445>
where B(S bears a phase /T, and Q = q+ G, with q € BZ. It can be shown that
<¢n’k’> ﬁéxt,Q(“) ¢Zk> = 5k’,k+q<¢n’k+qu @éxt,Q(w) ¢Zk> ) (4.46)

which demonstrates that the response density can be characterized only by the
wave vector q € BZ. Given that one can always decompose a function into Bloch

components, if we write’
BZ

Uite (@) = ) Vhtcia(@) (4.48)
q

with 0fy,. o(w) being a Bloch function of wave vector g, we obtain from (4.42), (4.43),
and (4.46),

p2
Fw) = pylw), (4.49)
with !
1) = 3 [ (Petinrale)) i+ i (Betlae o)) . (450)
and "

A~ ~— <wn’k+0h v (CU) Ok>
Fetriq(w) = N
Yracral ) ; hw = (Ewiktq = Enk) + 1)

Vnrierq (4.51)

where U, (W) = Vfgee (W) + Vi q (W)

"When dealing with potentials decomposed into Bloch functions, the following notation will be
used:

BZ BZ .
i(r,w) =Y Tq(r,w) =Y e9iq(r,w), (4.47)

where the 74(r, w) denotes the periodic part. The same notation applies for the density matrix. We
prefer to work with the non-periodic quantities 74(r,w) for a better readability, the final equations
in terms of the periodic quantities can be found in App. B.
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Use of Time-Reversal Symmetry

For Bloch Hamiltonians which commute with the time-reversal operator one has

Ty = V. Enk = En—k - (4.52)

By exchanging k — —k in the second term of (4.50) one obtains

occ.

5u(@) = 37 [ (Pedineaa@)) + (Pt ql=)) 0. (453)

nk

Note that

unocc.

<pc1;;_k_q(_w)>* _ Z hw<+n’k+Q7Uq(W) nk> w;;/k_,_q (454)

(gn’kJrq - gnk) + 277
is a Bloch orbital of wave vector k + q and that, thanks to TRS, only the knowledge
of the unperturbed orbitals at k 4 q is required.
Linearized Time-Dependent Kohn-Sham Equations
We seek solutions for

Fucsa®) = Pedlpra@), vmera@) = (Bl g(—0)) . (459)

~ ~

so we apply [hw —(h®—€nx) +2'77] t0 Tpkiq(w) and [hw+ (h° —enk) +i17} t0 Ynk+q(w),
obtaining

[0 = £ua) = (oo i) [ s + P Bpeg [X, V] ()05 = =P Bt @)
[(ho — 5nk) + (ﬁw + m’}):| ynk+q(w> + ]55 fé{xc,q [X7 Y:| (w)¢2k = _PC ﬁext,Q(W)l/)ToLk .
(4.56)

As done for finite systems, the batches

Xy = {xnk+q(w)} Y, = {ynk+q(w)}, (4.57)

have been introduced, where each batch contain as many orbitals as the number
of occupied states considering all the k-points. This means that the dimension
of a batch increases if a finer BZ-sampling is considered. The linearized response
potential in the terms of the batch elements reads as

TJ{'IXC,Q [X’ Y} (I‘, w) = /3 d3T’ Kch<r7 r,) ﬁ;(r/7 w)
R

9 /R P Kielr, ) 3 05 [mesa) + kralw)] . (459)

nk

One can perform the same batch rotation as (4.27), and obtain the compact form

prac o)\p) "\ p) T Ptaivs) ) (4.59)
(o2 6) (%) -5 ()~ (-t
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DX4(r) = {(ﬁo — Enk)Tnk+q (T, w)} (4.60)

ocCcC.

KXq(r) = {2 > Fe /R () Ko (r.7) ¥ () e a(x' w)} o (461)

n'k’

Batch Representation and Response Functions

The quantum-Liouville equation for a monochromatic perturbation of wave length
Q reads

£ pylw) = he (@) = |fexia(@), 5] (4.62)

with
£ (@) = |1, 560)] + [flrca(@) 5] (4.63)

The straightforward generalization of the batch representation (4.32) is found to
be

_,éfQ . {@ZHQ} _ {ﬁc AQ @Z)Zk} | (164)

{oheaf)  \{ (ki) }

One can check that Eqs. (4.56) are recovered once (4.64) is applied to (4.62), and,
following the same route as for finite systems one can conclude that

Ve, @) = Tr {Aq (hw - £)7" [ BY, 77 } . (4.65)

where

occ.

AAQ? BQ = Z <afzk+Q7 bﬁk—i-Q) + <aZk+Q7 bZk+Q> : (4'66)
(4a-Ba)

nk

As an example, if Ag = Bg = N(Q), with A'(Q) being the Fourier transform
of the charge-density operator N (r),

4.3 Liouville-Lanczos Approach Goes Magnetic

Here we present the generalization of the methodology exposed above to the case of
non-collinear magnetic systems. Two major complications arise: the unperturbed
Kohn-Sham equations R

s = e, (4.67)
which have to be intended as spinorial equations now, are not time-reversal invariant
anymore, in fact

Thoyy = hPITye = ¢, Ty, (4.68)
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i.e. the time-reversed wave function is eigenstate of the Hamiltonian with a reversed
magnetic field. The second complication is given by the metallic character of the
most ordinary solid-state magnetic systems, which forces us to use the smearing
techniques explained in Sec. 2.3.1. The LL approach to non-magnetic metallic sys-
tems has already been faced in [37], here we shall generalize it to magnetic systems.

4.3.1 The Linearized Density Matrix and Empty States

The unperturbed one-particle density-matrix of a metallic system reads®

PP = Opis T (4.69)

where 9p; = U((ep — €;)/0) are the ground-state occupations. When the system
is evolved under an external perturbation, we consider the time-dependent density-
matrix

() = 3 Ira 000, (4.70)

i.e. we neglect the change in the occupations with respect to time, which corresponds
to the adiabatic approximation of linear response theory discussed in Sec. 3.1. This
approximation is justified when the inverse of the thermal relaxation time 7 is much
smaller than the frequency of the perturbation. Typical thermal relaxation times
of the electrons in metals are of 107°-1071s at 7" = 5K, and tend to decrease
for lower temperatures [79]; this corresponds to v & 107°-10"%¢eV, which is safely
smaller than the typical magnetic excitations, in the order of 1072-10!eV.

As done in the non-magnetic case, we define the time-dependent response or-
bitals via

ehit () = o +Ui(t). (4.71)
that we compute at the first-order level of time-dependent perturbation theory.
Their Fourier transform reads

(w)
=1 2 4.72
,7551+Zhw —5)+m¢” (472)
with
~/ 1 +OO zwt o A/
U (w) = %/ (5, 0 () 0y - (4.73)
Substituting (4.71) into (4.70) and taking the Fourier transform to get
pw) ="+ 7 (w) + O(fa) (4.74)
where
Uji(w) vj;(w)
] O 7 ot — 4 oo
nigl"'z Fyi |: — 6 —€i)+in¢J¢l hw+(€j—€i)+i77¢zwj

(4.75)

8Note that the Kohn-Sham wave functions are now spinors, therefore the hermitian conjugation
takes the place of the complex conjugation.
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The hermiticity of the perturbation has been taken into account as usual in the
second term of (4.75).

When dealing with fractional occupations, the demarcation between occupied
and empty states becomes blurred in a strip around the Fermi level, and a neat
separation in occupied-to-empty transitions is not possible anymore. To face this
problem, we pursue the idea of de Gironcoli [64] in the treatment of the occupation
factors without assuming time-reversal invariance for the ground-state system: first
we exchange 7 <> j in the second term of (4.75), then we introduce ¥, ; +9;; = 1,
where ¥, ; = ¥(¢; —¢,) is a non-smeared occupation function, and switch again i <+ j
in the second term, so to obtain

#) = | (oo ) i + oz (B i) | . @)

where

f’c(i) @/;;(w) = lim Z (1%1 — &FJ) iy — (Uji(w) v (4.77)

n—0t €; — Ei) + 277

Note that ¢/'(—w) is the hermitian conjugate of the Fourier transform of ) (w),
computed at —w and that the operator

~

Pewy = |:1§F,i - Pz] =

&F,i — Z <1§F,i79i,j + lgF’jﬂj,i> w;w;T] (478)

J

is not a projector, i.e. ]Sc(i)pc(i) #* pc(i), as long as fractional occupations are used.
Before we proceed, we note that

= [@WE s By 9i(w)) + (TAY;, Theg) 1/2’»(—w)>] , (4.79)

where in second-to-last line we used the anti-unitarity of the time-reversal operator:
(u,v) = (Tu, Tv)*. (4.80)

The most natural choice for the unknowns of the linearized equations seems then

zi(w) = Peg) ¥j(w) (4.81)
yi(w) = TPC(Z‘) Pi(—w), (4.82)

so that we can express the trace as a standard scalar product

Te [Af(w)] = 3 [(Alug, wiw)) + (TAvE, i(w))] (4.83)

(2
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4.3.2 The Linearized Response Equations
By applying [2° — &; — (hw + in)] to z;(w) and [A°1P) — &; + (hw + in)] to yi(w) one
obtains
|:iLO —&; — (ﬁw + Z?])] IZ(M) = — Z (’gF,z' — 1§F,j> ﬁj,i <77Do ~, ¢ >1/)] s (484)
J
|:ilo[_b] — &; —+ (hw -+ 7/77)i| yZ(CU) = — Z (&Fﬂ - 1§F’]> 19‘]’2 <w0 ~/ w >T1/} 4 85)

J

We now make again use of the anti-unitarity of T to rewrite the second equation

= o= (o im) () = = 3 (T = Ty ) D (05,810 05w

J

=2 (= ) 03 (105, T8

J

[ﬁo[_b} —&i + (hw + m)} yi(w) = Y

which allows to write
[ = e = (heo + i) ] () = =Py ¥/ (w) 65
(R8T — i+ (e + i) | () = —Tley T ()57
In Eq. (4.89) we have defined the operator

ﬂz} = QgF’L_Z (79F”9U + U, “) (Tw ) (Tw;?)T

J

121(:(2') = [@F,i -

o
70

(4.86)
0Ty

(4.87)

(4.88)

(4.89)

(4.90)

Y

which is nothing but the ]f’c( ) operator acting on the manifold of the time-reversed

orbitals. We notice here that a) both PC and HC

the smearing width o — 0, and b) HC (i) spans the same manifold of PC (i)
time-reversal symmetry holds, and can be replaced by the latter.

The Response and External Potentials

become true prOJectors when

when the

The external and linearized effective potentials are hermitian in the time-domain,

hence

(W) =0 (~w).

(4.91)

We first consider explicitly the linearized effective potential, since it contains new

terms with respect to the non-magnetic case

~/ o 62E XC ~/ 52E XC ~ /o
vef‘f(w> =0 ( on gln n (w) + n 6Hma m ((.U))
"E
Hxc ~y Hxc ~ 18
+ Z <5m°‘ on (W) + SmeomP (w)) '

(4.92)
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where the density- and magnetization-response

i (r,w) = Z {W( Vo (r, w) + <T1/Jf(r)>Tyi(r,w)} (4.93)
MBZ [ F)o® 24 (r, w) — (wa(r))Taa yi(r,w)} (4.94)

are meant to be integrated with the kernels given by the second derivatives in
Eq. (4.92). If we focus on the spin structure of the potential we can write it as

O (W) = 0V (W) — ppo - B (w) (4.95)

The second derivatives are real, symmetric functions, whereas from (4.93) and (4.94)
it follows
n*(r, —w) = n'(r,w), m™(r,—w) =m'(r,w). (4.96)

Putting all together we find
Tt (—w) = 0°Tipe (W) + o Bl (w) = T (w) T (4.97)
The same holds for the external potential, which reads

Vet (1) = 000 () — po - DL (1) (4.98)

with v (¢) and bl_,(t) being real fields.

ext

The Final Form

The linearized time-dependent Kohn-Sham equations can eventually be written as

[ = &= (o im) | ) + Pego Tn X, Y1) 67 = = Pegy Bt () 05
(4.99)
A8 — g (o + i) i) + Tlegy T P 1X, Y)(w) T = —Tleg () Tt
(4.100)

We refrain from writing down the batch representation of the linearized equations
straight away, since, as it happened for the non-magnetic case, it would be a partic-
ular case of what we are going to present in the next section (namely the k = q =0
one).

4.3.3 Extended Systems

We start from the response density matrix defined in Egs. (4.76) and (4.77), in
exteded systems one has

BZ

F) = 3 [ (P Fa) ik + i (Pow int—) | . (a0

nk
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~ ~ ~ ~ ’D// / ((.U)
P Ul(w) = i (P = Tre ) Ve Kk
C(nk) V(W) ng& 2 Fnk Fnk K nk (v — ene) + 177 Ve
(4.102)
We consider an external perturbation in the form of
Textq(@) = ) By faa(Q.w), (4.103)

where « labels operators of wave vector Q = q + G, with q € BZ. In our case,
they will be the Fourier transform of the magnetization- and charge-density, and
Q = q + G. By performing a g-separation of the effective potential into Bloch
functions, by virtue of (4.46), one obtains one obtains

BZ
k) w':zk(w> - Z PC(nk) ¢;k+q(w) y (4104)
q
where
b i B i)
P n , = 1 <19 n _’19 n ) 7,9nl n n'k+q,nk o/ )
C(nk) ¢nk+q(w) ng(r)l+zn; Fnk —UFnk+q k+q,nk hw_(5n/k+q—€nk)+i77 v, kiq
(4.105)
is a Bloch function of wave vector k + q. We also notice that
TPetn10 Pnic(@) =D TPetnsg ¥y se_g(—w), (4.106)
q

with TPeg d;_k_q(—w) being a Bloch function of wave vector k + q. We are
then lead to the choice of the unknows in the same spirit of (4.55), i.e.

Tnktq(W) = P C(nk) iékm(w)

Ynk+q(w) = TFen-x) ?%—k—q(—w) : (4.107)

Density- and Magnetization-Response

It can be shown by computing the trace of (4.101) with A (r) and M (r) that

Al(rw) =Y ny(rw), (rw) =) mrw)), (4.108)

where a) g (r,w) and mg(r,w) are Bloch functions of wave vector q and b) the
: — /% =1 ~ /% - )

relatlon.s an(r, —w? = T%q(r,w) and m” (r, —w) = mq(r,w) hold. The charge- and

magnetization densities in terms of the x- and y-spinors read

) =Y iktralr ) + (T00) v ) (4.109)

(1) = a3 UL ke (r.0) = (0300 o sl L (2110
nk
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and the g-separation for the effective Kohn-Sham response potential reads

—/ o 52E XC —/ 52E XC — I
Vo (W) =0 ((577,(?71 Ng(w) + u Mg (w))

on dmo

o

ome on " Ime dmb

+Z (6 Busc o () 4 ﬁ P m;f(w)> N CRETY

The Linearized Equations

By applying [h° — e — (Fw + in)] to Tnktq(w) and (2B — ey + (hw + in)] to
Ynk+q(w) we obtain

[fALO — ek — (hw + m)} Tnktq(w)

A

+pC(nk) f}:aff,q[X’ Y] (w) ¢Zk = _PC(nk) éext,Q(W) ¢Zk (4112)

(A — s+ (b + i) | pacra(@)

i - ™ /0 = ~[—b 2o
+HC(n— k) U e[ﬁ q] [X Y]( )Twnfk = _H C(n—k) Uixt lQ( )Twn,k, (4113)
where we have defined the batches
Xq = {Ink—i-q(w)} ) Yq = {ynk—l-q(w)} . (4114)

Also in this case, the whole problem can be recast in a compact block-matrix form
DY + PELXA PEECYY Xq
[( _PpYKYX _ (DY T rPYICYY) <Yq)
{—pcmm Vext, () wik}

{HC(n k) v£xtl§)( )T% k}

>—(77,w—|—i77)

)

(4.115)
where the Liouvillian superoperator reads
DX ‘I’PXICXX IPchXY
= , (4.116)
_fPY,CYX o (DY + PYICYY)
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and the action of each block is defines by

DY X = { [ = e 2usera (4.117)
D'Y, = {[ﬁo[—bl - 5n_k] ynk+q} (4.118)
KX X g+ KXY = {0l o [X, Y] (w) Upy } (4.119)
KX X+ K Yy = {0 [X Y]< ) Tes_i } (4.120)
PXX, = {PC - wnk+q} (4.121)
P¥Va = {Tlen 10 Ynicraf - (4.122)
4.3.4 The Response Functions
By specializing (4.79) to the case of a Q-perturbation one can write
5 Aq(w) = Tr [AQ ﬁ;l(w)] , (4.123)
keBZ
= 3 [(Ah¥ie ara(@)) + (TAQE; o tncra(@))] -
nk
= (Aq, 04(w)) (4.124)
where the second line defines the scalar product between the two batches
{ATQ ;k} {ankJrq(w)}
Aq=| - o ogw) = . (4.125)
{TAsz;;_k} {ynk+q(w)}
The second batch is solution of Eq (4.115), that we can rewrite as
-1
0a(@) = (o= £)  Bq fe(Q.w). (4.126)
where o
{PeBlyvin)
Bq = o , (4.127)
{ - HCTBQd)SLfk}
we conclude that
-1
Xags, (@) = <AQ> <ﬁw - E) BQ> : (4.128)

4.4 Solving with the Lanczos Algorithm

Once the problem has been stated into the form

~

g(w) = (u, (w—A) ), (4.129)
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it can be tackled with linear-algebra iterative methods, which come in handy when
one is interested only in some portion of the spectrum of large operators. The
Lanczos algorithm is particularly suitable to the case of static kernels (i.e. when A
does not depend on w, such as in ALDA), where the problem can be solved for all
the frequencies w at once. In the following we briefly illustrate the reason why.

The Lanczos method for non-hermitian operators defines a biorthonormal basis
through the recursion relations

Bit1Giv1 = qu' — Qi — Yi4i-1
Vi = Alpi — aipi — Bpi (4.130)
with
@1 =p1=0, Go=po=0, (4.131)
where the biorthogonality reads
(pi> q5) = 6ij - (4.132)

The «;, B; and ~; coefficients are computed on the fly through

a; = (pi, Agy) (4.133)
Bit1 = \/< (AT]% — alpi — Bpic1), (A G — Qi — YiGi-1)) (4.134)
Ao, — o . — (. Ao — oveqs — ~eqs
iy = <<A Di , D; /81, pzﬁl)yl(.A qi a;4; ’Vzszl)> . (4135>
i+

It can be shown that the operator A acquires the tridiagonal form if represented in

the Lanczos basis (p;, AQj> = T}, where

ar Y 0 .- 0
Bo az vz O :

™=10 8 a3 . 0 |- (4.136)
0 T
o --- 0 ﬁN N

Notice that the dimension of the representation has the number of Lanczos itera-
tions N: the more iterations, the more accurate the representation of A will be.
Furthermore: the lower the eigenvalue, the faster the convergence. This feature
makes Lanczos extremely appealing for linear-response computations, where the
lowest-lying excitations are seeked.

If we insert into Eq. (4.129) the completeness

N
L~ qpl, (4.137)
=1
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which is, of course, approximate as long as /N is smaller than the dimension of the
operator A, we obtain

g(w) ~ Z<u, a) (pi (w— A) " q1)

2
NE

(u, g:) [(w - TN)—l]i1 . (4.138)

<.
Il

Summing up, in order to compute a resolvent g(w) with Lanczos we have to a) gen-
erate the Lanczos chain, storing at each step the «;, 5, v; and ¢; = (u, ¢;)*, b) solve
the tridiagonal problem (w — T™)y; = e;, where ¢/ = (1,0,0...), ¢) compute
g(w) ~ ZZ]\L 1 G xi. Step a) is by-far the most time-consuming, involving the appli-
cation of the operator 2V times. Steps b) and c) are particularly inexpensive, due
to the tridiagonal nature of the problem, which scales linearly with N. The strength
of Lanczos for frequency-independent kernels is precisely due to these reasons: the
numerical bottleneck is the tridiagonalization of the operator, which is done only

once, then the susceptibility can be computed for each w at a negligible cost.

Conclusions

The formulation of the linearized time-dependent Kohn-Sham equations has been
carried out in the case of finite and extended systems without assuming time-
reversal symmetry, in a fully non-collinear framework and without explicit reference
to the empty states. With a particular choice in the unknowns of the equations,
namely (4.82) for finite systems and (4.107) for extended systems, we are able to
recast the whole TDDFT linear-response problem into a linear form in the batch
space, namely (4.115). This form is particularly suitable for the Lanczos algorithm,
since the tridiagonalization of the operator £ can be performed, at a given wave
vector Q, once and for all the frequencies; however, nothing forbids to apply other
iterative methods such as the Davidson or the Conjugate Gradient algorithms. We
remark that the equations we have obtained in Sec. 4.3 chapter are already account-
ing for SOC if present in h°, due to the fact that relativistic NC pseudopotentials
commute with the time-reversal operator (see App. A).



CHAPTER
FIVE

IMPLEMENTATION AND BENCHMARKING

In this chapter we present the implementation and benchmarking of the method
developed in the last sections. In the first part the algorithm and the implemen-
tation in a Plane-Wave (PW) framework are discussed. In the second part, after
some numerical detail on the pseudopotential we have generated, we benchmark
the performances and accuracy of the method via the computation of the magnon
dispersion of Fe BCC.

5.1 Implementation

We have implemented the approach described in Ch. 4 in the TDDFPT-package
of the QuaNTUM ESPRESSO suite of computer codes [80], which uses a PW
basis set with periodic boundary conditions on the simulation cell, together with
the pseudopotential approximation. In the next two sections, first we comment
on the general implementation strategy, then we go into some details of the PW-
implementation.

5.1.1 The Algorithm

The Lanczos recursion for non-hermitian operators is illustrated in Algorithm 1.
Two main operations need to be implemented: the application of the Liouvillian on
a given vector, and the scalar product.

The Linear Space

The Liouvillian operator acts on the space spanned by batches. A batch is a set of
Ny, wave functions, where Ny, is the number of the occupied Kohn-Sham orbitals. In
extended systems, it means Ny x Ny (k) orbitals, where Ny is the number of k-points
in the Brillouin Zone and Ny(k) is the number of occupied bands for each k-point.
If smearing is used, states are considered occupied up to er + 30, where o is the
broadening parameter.! The size of these vectors can increase very rapidly, in this

Notice that, when smearing is used, the size of the batches would in principle be infinite. In
practice, we are allowed to stop at Np(k) since the batches are built in such a way as to have a

60
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Algorithm 1 Bi-orthogonalization Lanczos.
L: 7140 < 0; Bipo < 0;
20 q1 v D1 v
3: for j=1,Nys do
> Apply operator twice (bottleneck)
4: q <+ Lqj; p 4 ﬁij
> Compute and store 5 and vy
5 B V) a5)]

Vi < i/ B
> Rescale vectors
T4 q/Bi i Pl
& G a/B; BB

> Compute and store o and ¢
9: Qj < <pj, (j)
10: gj < (qj,u>
> Build the full (non-normalized) vectors
11: qj+1 < 4 — Q5 — Viqj-1
12: Dj+1 <D — a;pj — Bipj-1
> Prepare for the next iteration

13: qj—1 < 453 Pj—1 < Dy
14: qj < qj+1; Dj < Pj+1
15: end for

regard Lanczos seems the most suitable choice to solve the problem in such a base,
since it only needs the vectors at the previous two iterations, for a total of 6 vectors
in memory for the recursion (3 for the right subspace and 3 for the left one) plus the
A, batch of Eq. (4.125) (the u vector in Alg. 1) needed to compute the ¢ coefficients
at each step.

Initialization

The starting vector of v of Algorithm 1 is the batch Bq of Eq. (4.127), which depends
on the external perturbation; e.g., in the case of magnetic field along the y-direction,
BQ = m¥(Q), i.e. the Fourier transform of the single-particle magnetization oper-
ator.? The perturbation defines which column of the susceptibility matrix (3.35)
is computed: with one Lancozs chain, one has access to the entire column. The
rows are instead defined by the batch Aq of Eq. (4.125), which in Algorithm 1 is
represented by the u vector, needed to compute the (; coefficients. Since the scalar

vanishing norm for €, > €r + 30, due to the definition introduced by de-Gironcoli and explained
in Sec. 4.3.1.
2The many-body magnetization reads as

which can be compared with Eq. (4.2).
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product is quite inexpensive compared to the application of the Liouvillian, the (;
for the charge and the three magnetic polarizations can be computed at each step,
without any appreciable lowering of the performance.

The Scalar Product

Given two batch-vectors

{ Unk1q } { bDrktq }

Aq = , By = , (5.2)

aZkJrq b%km
{efhia {thesaf

where ay, ., are single-particle spinors, the scalar product on the batch space is

defined as

Nk Np(k)

< Nk Z Z [ Apk4q- nk+q>1p + <a'Z7JLk+q7b2Lk+q>1P:| > (5-3)

where (- - )1, denotes the scalar product in the single-particle Hilbert space.

Post-Processing

Every M iterations, where M is a user-defined parameter, the «, 3, v and ( coef-
ficients are written to file. The inversion of the tri-diagonal problem for each value
of w + in is performed by a serial post-processing code with a completely negligible
effort with respect to the tridiagonalization.

The g-Decoupling and P- and ﬂ-operators

In order to perform a linear-response calculation, the knowledge of the unper-
turbed Kohn-Sham states is required. In general, when TRS does not hold in
the ground-state problem, the response of the unperturbed wave function %y, to
a g-perturbation contains a Bloch-component with wave vector k 4+ q and another
one of wave vector k — q. This results in the nuisance of treating three different
Bloch states at a time, and even in the more cumbersome rebuilding all the non-
local pseudopotential terms with the two different values of q and —q. When TRS
holds, this problem is avoided by considering the response of a (—k)-state to a (—q)-
perturbation, (the response density is insentive to such a change, being integrated
over the whole BZ), which belongs to the same degenerate space of k + q vectors.
When TRS does not hold, this is not true anymore, but still we can consider the
response of a (—k)-state to a (—q)-perturbation and define the time-reversal of this
state as our variable. This latter state will not in general be degenerate with another
k + q state, but will surely be of wave vector k + q, so that only 2 different sets
of Bloch orbitals and one non-local g-term enter the problem. These considerations
are already included in the formulation given in Sec. 4.3.3, but have been explicitly
reported here, where appropriate.

The price we pay is in disk-storage, in fact the unperturbed wave functions at
—k — q are needed throughout the calculation. To understand this point we first
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consider the action of pc(nk) on a wave function of wave vector k’. It can be shown
that

PC(nk) ¢kl (I‘) = eik/-r PCk(/nk) uk/(r) y (54)

where wu,,(r) is the periodic part of the Bloch orbitals, and

/

P C(Ink) = [gF,nk — Z <?§F,nk Unknik + 7§F,n/k’ ﬁn/k/,nk> UZ/k/Uijk/] . (5.5)

n

On the other hand, the newly-defined projector ﬂc(nk) has the similar property

ﬂC(nk) ¢k’ (I‘) = ez‘k/~r ﬂC/(nk) uk/(r) s (56)

where

., ~ i ~ ) ) ;
HIC{(nk) = [ﬁF,nk — Z <19F,nk Unkn/—k + Vpn/—i 19n'—1<',nk> (Tufl,_k,> (Tuz,_k,>

(5.7)
since Pé‘(/nk) and ng/(n_k) are applied to wave functions of wave vector k+ q, in order

n

o

nk+q?
computing the action of the II-operator the unperturbed u,_, . are needed.

to compute the action of the P—operator we need the functions u instead of

The Unperturbed Wave Functions

A customized k-point grid is built in such a way that the occupied wave functions

Upe TU%k

Upicyq TU;kJrq

qu—q Tu;)zk—q

Uy TUZ_k (5.8)
u;—k—&-q Tu;l_km

u;—k—q Tu;—k—q

are stored to disk in separate binary files with the above k-point order. Each block
of orbitals of type (5.8) allows to build the operators Pé‘('nk) and ngzn_k) for two pairs
of Eq. (4.113).

5.1.2 Details of the Implementation in a PW Code

The periodic part of the wave function is expanded in PWs

‘k“rGlQSacut iGer

V(1) = XU (r) Ui (1) = XG: ene(G) 7 (5.9)
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where €2 = N (g is the crystal volume. €.y is the user-defined cutoff for the wave-
functions. A wave function is then described by the set of complex numbers ¢, (G),
and a label recalling the k-point. The scalar product when NC pseudopotentials are

used is given by
|k+G‘2S5cut

Gne vuidy = Yl Gewk(G), (5.10)
G
according to which wave functions are normalized to unity. A PW basis set greatly
benefits from Fast Fourier Transform (FFT), which allow to switch between the
G-space and the R-space at a O(N log N)-cost [80], with N the number of grid
points.

Applying the Liouvillian

The application of the Liouvillian operator to a batch is performed via Eqs. (B.9)—
(B.14). Given an input batch
{l’nk—l-q}

q= , (5.11)

{ynk-l-q}
the output batch Lg is computed by

1. Building n’ and m’ via Eqs. (4.109) and (4.110). The multiplication with the
unperturbed orbitals is done in real space via FFT.

2. The response potentials v/ and v;[_b] are computed from n’ and m’ (Eq. (4.111));
the Hartree term in G-space and the xc-one (local or semi-local) in R-space.

3. The terms v/ 412, and v;@;b]m;_k are computed in R-space.
4. The operators P, and I, are applied in G-space.

5. TheA terms [izo — €?k]$nk+qA and [lAzo[_b] — En—k|Unk+q are computed and summed
to Pevlge, and Hcv;Lgb]wal_k respectively. The former summation gives the
upper output batch, the latter the lower output batch.

We point out that the superoperators D, K and P appearing in Eq. (4.115) are
hermitian with the exception of KX¥T = KYX (see App. B), therefore to compute
Lp the same routines can be applied.

Parallelization

The code has inherited from the QUANTUM ESPRESSO environment a two-level
parallelization via the MPI interface. The first parallelization level is the FFT grid
(R&G parallelization), the second over the k-points (pool parallelization). In the
pool parallelization, care has been exerted in order not to break blocks (5.8) among
different pools.

3Notice that the number of coefficients ¢,k (G) depends on the cutoff and on the size of the
simulation cell. Moreover, at fixed €., and simulation cell, the number of ¢,x(G) may slightly
vary from k-point to k-point, due to the different shift of the cutoff sphere of (5.9).
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5.2 Testing

5.2.1 The Norm-Conserving Pseudopotential

Iron is a 3d transition element with atomic number Z = 26 and an electronic
configuration [Ar] 3d° 4s?. At ambient pressure and temperature, it is found in
a ferromagnetic state with a BCC crystal symmetry (called Iron a-phase). Norm-
Conserving pseudopotentials for transition elements tend to be very hard due to the
nodeless, but localized, structure of the radial part of the 3d-orbitals. For this reason
there is poor availability of such pseudopotentials, and we resorted to generating one
ourselves via the atomic package of QuaANTUM ESPRESSO.

Following [81], we have kept the 3d and 4s electrons in valence, with cutoff radii
r. = 2.2 bohr for [ = 0, r. = 3.2 bohr for [ = 1 and r. = 1.5 bohr for [ = 2.
[ = 0 has been chosen as the local channel for the Kleinman-Bylander form [46].
The Troullier-Martins [48] pseudization scheme has been used and non-linear core
corrections have been included. The LDA xc-functional with the Perdew-Zunger
(PZ) parametrization has been chosen. We plot the Kohn-Sham band structure
along the high-symmetry directions, as reported in Fig. 8. The two flat branches of
opposite spin, right below and right above the Fermi level, are responsible for the
Stoner transitions, which is expected to reach its maximum slightly above 2eV. This
can be seen more clearly by plotting the DoS projected on atomic orbitals (pDoS),
as done in Fig. 9: the two flat bands are mainly of d-origin, and produce pronounced
peaks of opposite spin-flavour at a distance of ~ 2.5eV.

eV
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T
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Figure 8. LSDA bands of Fe BCC along the high-symmetry directions, computed with
eent = 90 Ry, Gaussian smearing ¢ = 0.005 Ry and a 36 x 36 x 36 Monkhorst-Pack grid
for the BZ sampling. On this energy scale, bands are indistinguishable from the ones
computed at lower BZ-sampling up to 16 x 16 x 16 grids. We notice right below and
right above the Fermi level very flat bands with opposite spin orientations, signal of a
high-density of Stoner (spin-flip) transitions.
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Figure 9. Projected Density of States (pDoS) of Fe BCC computed with the same
parameters as the one used for Fig. 8 regarding the self-consistent calculation, plus a
subsequent refinement via a non self-consistent calculation on a 60 x 60 x 60 Monkhorst-
Pack grid. The positive part represents the majority-spin pDos, the negative part the
minority ones. We notice the predominance of the d-character and the peaked structure
about 1eV before and 1.5eV after the Fermi level, which mark the presence of Stoner
excitations.

In order to choose the energy cutoff for the wave functions, the behaviour of the
ground-state magnetization as a function of a volumetric deformation is inspected,
as done in Ref. [82]. The results are reported in the left panel of Fig. 10: already
at et = 90 Ry the error in the magnetization per atom is within 1%, yielding a
value of 2.12 up (to be compared with the experimental value of 2.22 up at 0K).
The equilibrium lattice constant results of @ = 2.81 A (vs. 2.86 A from [82]) and
the bulk modulus of 222 GPa, which overestimates of about 30% the extrapolated
experimental value at 0K of 170.35 GPa [83]; this is a well-known failure of the
LSDA approximation [82]. In all the production calculations a cutoff of 90 Ry and
a lattice constant of a = 2.81 A will be used.

5.2.2 The Non-Interacting Response Function

In the development of a code, intermediate steps are necessary in order to check the
correctness of the work done. Dealing with magnetic systems introduces intricacies
which affect the code in a widespread way, most of them coming from the handling
of Bloch orbitals at different k-points and their time-reversed counterparts. The
implementation of this aspect has been validated by computing the magnetic sector
of the non-interacting Kohn-Sham susceptibility, i.e. Xgﬁ(q, w) with a, 8 = z,v, 2.
The Xgﬁ(q, w) obtained with our LL method has been compared to the one given by
the explicit summation over all the possible transitions between occupied and empty
states of Eq. (3.33). Within the LL approach, x° is obtained by tri-diagonalizing
a Liouvillian whose IC-terms, responsible for the mixing of the independent-particle
excitations, have been set to zero in Eq. (4.115), i.e.

DX 0
Lo={ "y _pv] (5.12)
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Figure 10. Left panel: modulus of the ground-state magnetization as a function of the
volumetric deformation, i.e. a change in the lattice parameter a, for bulk Fe BCC. The
curve for eqyt = 70 Ry stops prematurely since it predicts an equilibrium lattice constant
far too big than the better-converging cutoffs. The calculations have been performed
with a Gaussian smearing of ¢ = 0.005 Ry and a 36 x 36 x 36 Monkhorst-Pack grid for
the BZ sampling. At about 90 Ry, the curves start to converge in an oscillatory fashion,
with a width that lead us to estimate the error for the ground-state magnetization and
lattice parameter < 1%. Right panel: magnetization over volume at fixed e.yy = 90 Ry
for different Monkhorst-Pack grids. We notice that the agreement is maximum around
equilibrium.

the direct approach consists instead in the evaluation of the Fourier transform of
Eq. (3.33), which in the case of extended systems reads

€e o «,,0 ] 18 o

0 3 3 (upg: 0 Un'k+q><un’k+q’o Unie)

Xa qyw - 19 N _7‘9 n’ 1 ’ 513
5(q,w) zz< e = Drtisa) e (5.13)

where the summation over n and n’ is cut off at a certain energy value .. In both
the computations a small, finite imaginary frequency n is kept, so to produce a
Lorentzian broadening of the Dirac deltas appearing in the imaginary part of the
susceptibility (cf. Eq. (3.13)). Notice that the LL solution is equivalent to (5.13)
with €, = €., the ground-state cutoff. In Figs. 11, 12 and 13 the convergence
with respect to the Lanczos iterations of the real and imaginary parts of Xgﬁ(w)
is reported. It can be seen that the region around ~ 2eV, where the majority of
Stoner-transitions resides, converges slower than the low-energy region. This is a
well-known feature of the Lanczos algorithm, in which the lowest eigenvalues are the
first to converge.

In Fig. 14 the comparison between the converged Lanczos result and the direct
approach is reported. The two susceptibilities are one on top of each other, thus
validating our implementation. In both cases, the real and imaginary part respect
the correct symmetries. In fact, for a collinear system magnetized along the z-
direction, the following relation holds

Xow(@)  Xoy(w) 0

X)) ==X xo(w) 0 : (5.14)
0 0 x%L(w)
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Note that also the stability relations (see, e.g., Sec. 3.2.4 of [28])
Imyas(0) =0, Rexas(0) <0 (5.15)

are fulfilled.
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Figure 11. Real and imaginary part of Xgﬁ(q,w) with g = (0.18,0,0)27/a, at 15000
(red) and 40000 (blue) Lanczos iterations. A lorentzian broadening of n = 0.002 Ry has
been used. The ground-state calculation has been performed with .,y = 60 Ry, a smearing
parameter of 0.01 Ry and a 4 x 4 x 4 Monkhorst-Pack mesh.
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Figure 12. Real and imaginary part of Xgﬁ(q,w) with g = (0.18,0,0)27/a, at 25000
(red) and 40000 (blue) Lanczos iterations. A lorentzian broadening of n = 0.002 Ry has
been used. The ground-state calculation has been performed with .,y = 60 Ry, a smearing
parameter of 0.01 Ry and a 4 x 4 x 4 Monkhorst-Pack mesh.
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Figure 13. Real and imaginary part of Xgﬁ(q,w) with g = (0.18,0,0)27/a, at 35000
(red) and 40000 (blue) Lanczos iterations. A lorentzian broadening of n = 0.002 Ry has
been used. The ground-state calculation has been performed with .,y = 60 Ry, a smearing
parameter of 0.01 Ry and a 4 x 4 x 4 Monkhorst-Pack mesh.
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(0.18,0,0)27/a, computed with the LL approach (orange, 40000 iterations) and via the
expicit form (5.13) (green, e. = 3Ry). A lorentzian broadening of n = 0.002 Ry has been
used in both cases. The ground-state calculation has been performed with €.+ = 60 Ry, a

smearing parameter of 0.01 Ry and a 4 x 4 x 4 Monkhorst-Pack mesh.
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5.3 Magnetic Excitations in Fe BCC

The final validation of our method is the computation of the full susceptibility of
the collinear state of Fe BCC, within our non-collinear framework. We shall focus
on the quantity

aqB
S@w)=-Y ((m -4 ) Los(a,) (5.16)
ap

where L,s(q,w) is the anti-hermitian component of the magnetic susceptibility
Xap(q,w) (see Eq. (1.9)). As already seen in Chs. 1 and 3, S(q,w) is proportional to
the scattering intensity of an INS experiment, and its peaks correspond to the mag-
netic excitations. The workflow reads as follows: a DFT, ground-state calculation
is performed with a certain wave-function cutoff €., smearing o, and BZ-sampling.
Subsequently, a Lanczos recursion is performed as the one described in Algorithm. 1,
using the same . to describe the wavefunctions, the same occupations defined by
o, and the same Ak to build the grid with the k, k + q and k — q points. Results
are reported and analyzed in the following.

Convergence over the Lanczos Iterations

In Fig. 15 the convergence of the magnon peak with respect to the Lanczos iterations
is reported for two different values of q along the (100) direction. From 7000 to 15000
iterations may be necessary to reach a convergence of the position of the peak with
a meV precision. A discussion of these results and possible improvements will be
addressed in the conclusions.

1600 1400
1000 iterations 3000 iterations
1400 | 4000 iterations 1200 | 8000 iterations

7000 iterations 13000 iterations
1200 F 10000 iterations 18000 iterations

1000 |-

1000
800 -

800
600 -

S(q.w)
S(q,w)

600 [
400 -

400
200 b 200
0 0 A A A

-200 L L L L -200
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

ev eV

Figure 15. Convergence of the magnon peak in Fe BCC with respect to the Lanczos
iterations for q = (0.09,0,0)27/a on the left, g = (0.18,0,0)27/a on the right. A cutoff
of ecut = 90Ry, a smearing parameter o = 0.005 Ry and a Monkhorst-Pack mesh of
28 x 28 x 28 k-points have been used in the ground-state calculations. The Lorentzian
broadening of both the spectra is n = 1074 Ry.

Behaviour of the Lanczos Coefficients

Information about the correct behaviour of the Lanczos chain can be inferred by
inspecting the «a, 3, v and ( coefficients defined in Sec. 4.4, reported in Fig. 16 for
the Lanczos chain corresponding to a magnetic perturbation along the y-direction.
As noted in previous applications of the Lanczos algorithm [84, 76], and the
coefficients oscillate close to half of the energy cutoff, in this case 45 Ry; This is
related to the bandwidth of the Liouvillian operator, which extends from minus
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to plus the maximum excitation energy, roughly given by e... Moreover, the
coefficients averaged over the even and odd iterations should differ in the order of
twice the gap of the system [84], in this case roughly twice the magnon energy, i.e.
~ 107t eV, as shown in Fig. 17.
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Figure 16. Lancozs coefficients relative to the calculation at q = (0.18,0,0)27/a of
Fig. 15. Top panel: [ and real part of v, modulus of v, and imaginary part of v. Mid
panel: real, imaginary part and modulus of the « coefficients. Lower panel: modulus of
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Figure 17. Magnification of the 5 coefficients as a function of the even and odd iterations.

Contrary to previous implementations of the LL approach, the lack of time-
reversal invariance does not allow to conclude that a = 0. From Fig. (16) the «
coefficient appears negligible on the eV-energy scale for the first few thousands of
iterations, then its real part starts to oscillate around zero, with amplitudes roughly
on the magnon energy scale.

In the lower row of Fig. 16, the modulus of the (*, (Y and (* coefficients are
reported. (* is correctly negligible, being responsible for the x.,(w) component
of magnetic susceptibility, which has to vanish for a ferromagnet polarized along
the z direction described within LSDA. The (* and (Y components, responsible for
the transverse response, show a very slow decaying with respect to the number of
iterations, if compared to other application of this algorithm [84, 76].



CHAPTER 5. IMPLEMENTATION AND BENCHMARKING 74

Convergence over the BZ-Sampling

In Fig. 18 the convergence of the peak position with respect to the BZ-sampling
is reported for q = (0.18,0,0)27/a and ¢ = 0.005Ry. The position of the peak
oscillates of about 6 meV around a central value up to 283-meshes, then already
with a 323-mesh reaches a precision of about 2meV.
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Figure 18. Left: convergence of the magnon peak for q = (0.18,0,0)27/a with respect
to the BZ-sampling at smearing parameter ¢ = 0.005Ry. All the individual peaks have
converged at 16000 Lanczos iterations. A Lorentzian broadening of n = 10~% Ry has been
used. Right: Position of the peak reported as a function of number of k-points used for
the linear sampling of the BZ direction.

Dependence On Smearing

The investigation of the convergence of the magnon peak as a function of the BZ-
sampling is compared for two different values of the ground-state smearing in Fig. 19.
Though finer sampling for ¢ = 0.01 are missing, the overlapping region in Fig. 19
leads us to consider the position of the peak not significantly affected by the magni-
tude of the fictitious temperatures o used. The overlapping region also tells us that
the position of the peak loosely depends on the degree of convergence of the ground-
state calculation at a fine level, and more on the fine sampling of the single-particle
spin-flips.
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Figure 19. Position of the magnon peak at q = (0.18,0,0)27/a as a function of the
linear BZ-sampling, for two different ground-state smearings.
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5.3.1 The Stoner Continuum

In order to investigate the continuum of Stoner excitations, the spectrum in the right
panel of Fig. 15 is reported on a broader energy range in Fig. 20. The continuous
part of an excitation spectrum computed with the LL method is known to converge
the faster at the price of a lower resolution, i.e. the bigger the broadening 7 used to
solve Egs. (4.113).
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Figure 20. Convergence of S(q,w) for q = (0.18,0,0)27/a with two different broadening
7. On the left, n = 0.005 Ry, on the right n = 0.01 Ry.

From Fig. 20 it can be seen that a broadening of about 0.01 Ry is necessary
in order to converge the Stoner continuum with the same number of iterations
needed to converge the spin-wave peak. This is not an issue as long as the two
regions (spin-wave and Stoner) are well separated; instead, when the spin-wave
energy becomes comparable to the one of the Stoner continuum, the value of 7
represents the resolution at which one can estimate the linewidth due to the Landau
damping. If a finer resolution is desired, more Lanczos iterations are needed. This
is the case when larger-wavevector excitations are explored, as reported in Fig. 21.
In order to obtain a converged spectrum within 16000 iterations, the Lorentzian
broadening needed is too big to infer the linewidth of the excitation with sufficient
precision.
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Figure 21. Convergence of S(q,w) for q = (0.32,0,0)27/a with a Lorentzian broadening
of n = 0.005Ry (left) n» = 0.01Ry (right). The shoulders on the right-hand side of
the spin-wave peak reveal the presence of Stoner excitations competing with the collective
excitation. A cutoff of .,y = 90 Ry, a smearing parameter o = 0.005 Ry and a Monkhorst-
Pack mesh of 28 x 28 x 28 k-points have been used in the ground-state calculations.
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5.3.2 Dispersion along (100)

The results of the previous sections are summed up in Fig. 22, where experimental
dispersions have been reported as well for comparison. The spin stiffness D, defined
by the fit of the magnon dispersion for small ¢ = |q| with the function

hw(q) = Dg*(1 = Bq?), (5.17)

has been computed taking into account the error bars as uncertainties. We obtain
D = 288 4+ 21 meV A2, in fair agreement with the experimental value of D®P =
325 £ 10meV A2 [85]. Other LDA calculations reported spin stiffnesses ranging
from D = 252meV A? [67] to D = 304meV A? [81].
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Figure 22. Spin-wave dispersion along the (100) direction obtained with the LL approach
and compared with the experimental dispersion of pure Fe at 10K [85], and Fe with a 12%
of Si at room temperature [86]. All the calculations have been performed with ¢,y = 90 Ry
and ¢ = 0.005 Ry. Points with the error bar were converged with a 28 x 28 x 28 Monkhorst-
Pack mesh, therefore the magnitude of the oscillations for such a coarse BZ-sampling,
discussed in Fig. 18 have been included to give an idea of the possible misplacement. The
remaining points were converged with 36 x 36 x 36 grid and the uncertainties of ~ 1 meV
are not visible on this scale.

As seen in Sec. 5.3.1, already at energies of ~ 150 meV spin-waves start to feel
the presence of the Stoner continuum and incur in Landau damping. Unfortunately,
the high number of Lanczos iterations needed to converge the continuous portion
of the spectrum forces us to use a Lorentzian broadening which does not allow
to determine the linewidth of the excitations with a precision higher than 0.1eV.
In order to achive a greater accuracy, more iterations are needed with the present
implementation. A more promising alternative, as discussed in the conclusions,
is to use softer pseudopotentials, which would result in a faster convergence with
respect to the iterations and in the subsequent more precise evaluation of the Landau
damping.
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CONCLUSIONS AND PERSPECTIVES

A new computational approach to the study of magnetic excitations within TDDF'T
has been proposed, implemented in a PW-pseudopotential framework and tested on
the magnon dispersion of Fe BCC. In our formulation the spin-charge susceptibil-
ity is computed as the resolvent of the Liouvillian superoperator by using Lanczos
recursion, and, on contrary to the direct Dyson-equation approach, avoiding any
explicit reference to the Kohn-Sham empty states. Our implementation allows to
treat non-collinear magnetic structures and to account for spin-orbit effects; to the
knowledge of the author, only another ab-initio code features the same possibilities
at the present date [9].

The application of our method to non-collinear magnetic systems can already be
carried out at the same computational effort as for BCC Iron, given that collinearity
has not been assumed anywhere during the benchmarking, and layered systems with
SOC can be studied with the present implementation. This represents one branch
of the ongoing work. At the same time, efforts in order to improve the convergency
speed have to be made, so that the high accuracy required by these systems can be
reached within a lower number of iterations.

Due to the nature of the iterative solution, the computational cost of each Lanc-
zos iteration is roughly 4-5 times the cost of one iteration in the ground-state cal-
culation, given that h° is applied to the batches twice per Liouvillian application.
However, the number of iterations needed to reach convergency has resulted to be
considerably high, if compared to similar implementations of the Lanczos algorithm
for the computation of charge excitations; the reason why can be found in the very
low energies at which magnetic excitations occur. The Lanczos algorithm, like many
other iterative methods, is known to converge the slowlier, the higher the ratio be-
tween the highest and the lowest eigenvalue of the operator to tridiagonalize (striclty
related to the so-called condition number); in our case a high cutoff forced by the
NC-PP (highest eigenvalue) and a very low excitation energy (lowest eigenvalue)
concur to produce a condition number of the Liouvillian from 2 to 3 order of mag-
nitudes bigger than a typical calculation for charge excitations. The resulting slow
damping of the ( coefficients impedes the application of extrapolation techniques,
which are particularly powerful in accelerating the convergence of the continuous
parts of the excitation spectrum [84, 76]. This, for the time being, is the major
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drawback of the Liouville-Lanczos approach to magnetic excitations, and causes
an extremely slow convergence of the structures in the continuous portion of the
spectrum.

For these reasons, the extension to US-PP is expected to have a big impact on
the convergency speed, given that cutoffs in the order of half the NC-PP ones are
typically used for transition elements in this scheme. Another direction to pursue
is the implementation of symmetry in the linear-response calculation, although we
expect a smaller gain with respect to US-PP, given the low number of equivalent
point in BZ of the low-symmetry magnetic system we aim to study. A third option
is to precondition the Lanczos algorithm by restricting the manifold in which the
response orbitals are defined. This would result in a lower condition number of the
Liouvillian and in a boost of Lanczos performances, as explained above. Ongoing
work is pointing in this direction.



APPENDIX
A

TIME-REVERSAL SYMMETRY

In analogy with classical mechanics, the time reversal operator T has the properties

A

TeT ' =¢, TpT'=-p. (A1)
The operator satisfying these properties is anti-linear and anti-unitary, i.e.

T (a1 + azthy) = a] Ty + aj Taby, (A.2)
(Topy, Tab) = (1, 02)"; (A.3)

both the properties are inherited from the complex-conjugation operator K, in fact
it can be shown that T = U K where U is a unitary operator (see, e.g., Sec. 8.3
of [51]). From properties (A.1) it follows that the angular momentum changes sign
as well under T, and in analogy also the spin-operator is assumed to have the same
behaviour,

TeT '=—£, TsT'=-s. (A.4)

When the Hamiltonian commutes with the time-reversal operator, degeneracies may
be expected; in fact, in the case of a scalar, one-particle wave function the action of
the time-reversal operator coincides with the one of the complex conjugation one:

Ty =Ky = Ti(r)=1*r) [scalar] (A.5)

If the one-particle Hamiltonian commutes with T, then the eigenstates can be chosen
to be real. In the case of a spin-1/2, one-particle wave function one has instead

A

Ty(r) = (i) Ku(r). fspin-1/2] (A.6)

where the ‘4’-phase in front of the Pauli matrix is customary. The major difference
between the two cases is that T2 = —1 in the spin-1 /2 case, whereas T? = 1 in the
scalar one. The former scenario always ensures 1) and Tw to be linearly independent,
so that when [iz, T] = 0 all the states will be at least two-fold degenerate (Kramer’s
degeneracy), the same cannot be told in the latter case.!

1 We remark that, for the spin-1/2 case, T2 = —1 holds only for states with an odd-number of
particles, whereas with an even number of articles T = 1 also in the spin-1/2 case [51].
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Bloch States and TRS

The action of T on the Bloch state ¥k produces another Bloch state of wave vector
—k, due to the complex-conjugation operation. Hence, when TRS holds, €,x = €, _x,
and the wave functions 1, and Twn_k are related by a unitary transformation acting
inside the degenerate subspace.

Spin-Orbit and TRS

Due to the properties (A.1) and (A.4), the spin-orbit term commutes with the time-
reversal operator. In particular, the whole pseudopotential term

Upp (Tv 67 (bv 01925/) = Z Ylm(07 925) [U;OH(T)O-O + UZSO (T) S 2 Yl*m(elv (b/) ’ (A7>
im

satisfies X R
T opp T™! = pp . (A.8)
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THE MAGNETIC LIOUVILLIAN

In Sec. 4.3 the linearized time-dependent Kohn-Sham equations have been written
in terms of Bloch functions such as Wi (r), ¥y, (r,w), vg(r,w), py(r,w), etc. Here
we report the same equations in terms of the periodic parts of these functions. The
two formulations are equivalent, however in a PW code only the latter is preferred,
since the periodic parts are expanded in the reciprocal-lattice G-vectors. We define
the periodic parts via

Wap (1) = T (1) (B.1)
W perglr,0) = Z(kﬂ‘”u;km(r,w) (B.2)
ol (r,w) = €97 T (r,w) (B.3)
e, w) = €97l (r,w) (B.4)

where up (r+R) = u;, (r) and so on. The definition of 7, (r, w) and mg,(r, w) follows
from the one of f(r,w).
The Linearized Response Equations

The linearized Kohn-Sham equations in the terms of (B.1)—(B.4) read

hicq = e = (o + )] Fncrqlw)

pk ~ YRV o Hk 2 °
+F (—:LE) éﬁ q[X Y] (w) Upk = _PC(—;E) Uext,q(w) U,k (B5)

(i) = enic+ (A + i) Gksal®)

R A N (%) M TS (B.6)

C(n—k) “ext,q n

HIIEE o T e [X, Y] (w) T

where Bﬁ L4 is the Hamiltonian defined in (2.73) and the operators Pé{ﬁﬁ Hk;;q K)

have been defined in Egs. (5.5) and (5.7). The variables Z,xq(w) and gpxiq(w) are
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the periodic parts of (4.107) and read
Fricta(W) = Poio Ticq(@)
Ynk+q(w) = TP, (k q) Uy al—w). (B.7)
The Compact Form
Egs. (B.6) can be written in the matrix form
DX +73X ICXX PX ’CXY d
[( ) YqYXq Yq qY YY = (hw +n) (éq)
_Pq ’Cq N (Dq +Pq ICq ) q
{=PE fona(w) uac
C(nk) Vext.a (B3

~ ) 2[—b PO
{Hcaq_k) U([ext,l;(w> Tun—k}

in terms of the batches of the orbitals (B.7). The action of the superoperators is

given by
fof(q = [fzim - ank] i’nkm}
DIY, = [ﬁi[;;’} — Ene ] ynk+q}
X K+ K Vg = ol X V(@) s}

ktq -~
HC(n k) ynk+q} -

The Response Potentials

The periodic parts of the response potentials read

6;H,q(rvw>:0-o (/Q d*r’ Kixe q(T, ') r , W —i—Z/ d3r’ J;fgq
0

+Zaa (/ 43 Jeeq(r;T r W —1—2/ d3r’1§‘fq r,r')m

where
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I8

and similarly for Jg, . (r,r") and Iy, q( r’). The periodic parts of the density- and
magnetization-response are instead given by

BZ

) = 3 [0k ke 0) + (105 400) Tacralr. )]

nk

BZ
YRS [uz*k(r
nk

Hermitian Conjugate of the Liouvillian

(B.17)

10 Bcar.) — (T05(0)) 0 ()| - (B.18)

In order to compute the complex conjugate of the Liouvillian, necessary in Algo-
rithm 1, we first rewrite the self-consistent terms as

(r),

(r),

pk+q *A* k+q 2 : ~
P C(nk) Vet q( ) P nk, n’k’ xn:k/+q(r)
/k/
(nk) nk n’k’ Un'i/+q (T
/k/
k+q 2/[-Db] T, o k+q -
HC(nk) Vet ,q ( )Tun k H g nk 'k’ xn/k/+q(r)
/k/
+ B Y K
C(nk) nk,n'k’ yn’k’—i—q
n'k’

n

(B.19)

(B.20)

XX XY Y X
where K35, Kodone s Ko and KYY nkn/e are operators whose action is given

by

~

A

A

A

Ko Gni+a(T) =

-t (1) Jg (1, ¥ )l (v) + gy (1) 157 (1)

uﬁj.k/

KXo T 4q(r) = / d*r’ {unk(r)KQ(rvr/>uL/k’(r,)+unk(r)‘]g<r7r/)u3jk’(r,)
Qo

@) sl
(B.21)

[ {unk<r>f<q<r,r'>a;k/<r'> (0 T2 (e, 2 ()
Qo

+ Ul (r) J2 (v, 1)) o (r) — ul (£) 12 (x, ')

— gy (1) Jg (v, )ul () — gy () 157 (x, 1)

— gy (1) Jg (v, 1)1} () + 0y (r) 157 (x, 1)@
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In the last equations, all the °© and “xc” have been dropped in order to lighten the
notation. Furthermore, summation over the o and [ repeated indexes is indended,
and we ade use of the shorthands

U (r) = 0%Upk (1) 1% (r) = 0Ty () . (B.25)
From Egs. (B.21)—(B.24) it can be seen that
XX XX YY YY Xy YXt.
K = kT, Kt =3, KT = KT (B.26)

moreover, the D- and P-blocks result Hermitian from their definitions, and we can
conclude that

XX X XX X jXY
L e Dq +Pq ,Cq Pq ’Cq
- Y pYX Y Y Yy
—Pq Kq —Dq —Pq Ky
ch=( ot (B.27)
Kq” Py —Dy —Kg" Py
The action of the self-consistent part over a batch can be computed as
KIXPIXy - K PYY, = {égﬂﬁq [P(ff( —ng/] (w) u;;k} (B.28)
KIXPIXq— K PLY, = {6;[1;21 [ij X, -PY }7] () Tu;_k} : (B.29)

due to linearity.
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