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1 Introduction

Many technological challenges, from sustainable energy to advanced computing, depend on novel
materials. Studying such materials requires a deep understanding of the underlying solid-state
physics. A significant number of advanced materials contains heavy atoms and are thus strongly
impacted by spin-orbit (SO) coupling. Others exhibit peculiar properties when exposed to magnetic
fields or when internal electron spins align in specific patterns. The framework of density-functional
theory (DFT) has vast success in accurately and quantitatively predicting the (opto-)electronic and
mechanical properties of a wide variety of materials from first principles. The fundamental Kohn-
Sham (KS) equations of DFT are often treated in reciprocal space in terms of Bloch functions,
which in turn can be expanded in a basis. A combination of augmented planewaves (APWs)
and local orbitals (LOs) is widely considered as a gold standard for DFT, constituting the basis
employed in the LAPW+LO method [28].

Typically, a large number of basis functions is required for the expansion of Bloch orbitals, in
order to approach basis completeness. This results in a high computational cost of diagonalizing
the KS Hamiltonian, in particular when a dense reciprocal-space sampling is required, as each
diagonalization scales with the basis size N as O(N?). Additionally, the most accurate DFT
calculations employ the class of hybrid exchange-correlation functionals and post-DFT corrections
such as the GW method. Both contain terms that increase the computational cost to O(N%).

Consequently, an efficient interpolation scheme is desirable.

Wannier functions (WFs) [3] are real-space objects and an alternative Hilbert space basis to Bloch
functions. WFs can be constructed from Bloch functions, and it is possible to choose them to
be maximally localized by exploiting the gauge freedom of Bloch functions. For this reason (and
others), maximally localized Wannier functions (MLWF's) are an ideal candidate for a tight-binding

basis that can be used in the computationally efficient Slater-Koster interpolation scheme [4].

A recent implementation [34, 38] within the full-potential all-electron LAPW+LO DFT code
exciting [28, 44] implemented the commonly employed Marzari-Vanderbilt [14] scheme for the
construction of MLWFs, giving access to interpolated eigenenergies and single-particle orbitals on
fine reciprocal-space grids in terms of the MLWFs. It further features an automated construction
of MLWF initial guesses from LOs [43], energy disentanglement procedures [17, 35], and the cal-
culation of diverse quantities via Wannier interpolation. However, it did not yet offer an option
for constructing spin-polarized MLWFs. The Marzari-Vanderbilt scheme requires only modest
additions to enable a spin-polarized treatment [27]. This work aims at extending the recent im-
plementation to enable the construction of MLWFs from spin-polarized Bloch states within the

exciting code.

This work begins with a sketch of the DFT method and an introduction to the LAPW+LO method.
Then, it covers the treatment of SO coupling and magnetism in the exciting code. Next, WFs,
the construction of MLWFs according to the Marzari-Vanderbilt scheme, and extensions of the
latter are introduced. Subsequently, the Wannier interpolation of single-particle eigenenergies and
wave functions is presented. At each conceptual step, the necessary methodological additions for
the incorporation of spin-polarized MLWFs are described. In the implementation section, details of
the extension of the previous Wannier implementation are covered. The application section shows
tests of the performance of this implementation on two simple benchmark systems. Additionally,
it is applied to a more complex system, a halide perovskite with broken inversion symmetry. For

each material, different utilities of the spin-polarized MLWFs are showcased.




2 Theory and methodology

2.1 Kohn-Sham density-functional theory

One of the main goals of theoretical physics is to develop models and frameworks that explain
known physical phenomena, based on assumptions compatible with experimental observations and
verified by data acquired from them. A model of high accuracy allows the prediction of these
properties in new, unobserved systems with minimal or no experimental input at all. Within the
field of theoretical condensed-matter physics, methods of the latter type are called ab initio (first-
principles) methods, at the core of which lies a many-body system of mutually interacting electrons

and nuclei. The following sections up until Sec. 2.1.5 closely follow Chapter 15 of [36].

2.1.1 Many-body Schrodinger equation

The electronic structure of solid materials can only be understood within a quantum mechanical
framework, starting from the time-independent many-body Schrédinger equation (yet neglecting

electron spin):

H\I/n(rl,rg, [N ,I'N,Rl,RQ, e ,R]w) = En\lfn(l‘l,rg, .. .7I'N7R17R27 e ,RM) 5 (211)

where H , ¥, and E,, are the Hamiltonian, its n-th eigenstate (wave function) and corresponding
eigenenergy and r; (R;) are the position of the i-th of N electrons (M nuclei) within the system.

The many-body Hamiltonian is (in atomic units e = m, = h=1)

. N V2 Moz 1 N YAYAL
H:_Z7_Z27l+§ |I'l—I‘Z/ Zzh‘ —Rl Z|Rl Rl/ (2.1.2)

i =11l=1

M, and Z; are the mass and charge of the I-th nucleus, while V2, Vlz are the Laplacians acting
on electron position ¢ and nucleus position {. This linear partial differential Schrodinger equation
involves 3(N + M) continuous spatial coordinates and is coupled in all these degrees of freedom
through the Coulomb interaction terms of electron-electron repulsion, electron-nucleus attraction,
and nucleus-nucleus repulsion. With typical macroscopic systems of interest containing a total
number of particles in the order of ~ 1023, directly obtaining exact numerical solutions is gener-
ally computationally unfeasible. Thus, a number of approximations and simplifications must be

introduced for solving the many-body problem.

2.1.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation assumes the positions of the nuclei R; as fixed compared
to the electron positions. This can be justified by the much larger masses of nuclei compared to
the electron mass, resulting in a comparatively high inertia of nuclei. In consequence, the nucleus-
nucleus Coulomb interaction term is reduced to a constant that is dropped (by setting the energy
to zero accordingly), and the Laplacian acting on nucleus coordinates always yields zero. The wave
functions ¥, (r,ra,...,ry) are considered for a fixed set of the positions of nuclei R; (which are

therefore no longer written as arguments of the wave function). Eq. (2.1.2) is then rewritten as

A vz o1 1 Z o
H:_ZT+§ZW_;ZW=T+U+VM, (2.1.3)

identifying T, U, and V. as the kinetic energy of electrons, the electron-electron Coulomb-
interaction, and the external potential due to nuclei experienced by individual electrons, respec-

tively. This reduces the many-body problem degrees of freedom to 3N.
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2.1.3 Density-functional theory

In order to further reduce the problem size, the framework of density-functional theory (DFT) has
been widely employed. DFT-based methods offer a good balance between physical accuracy and

computational efficiency. At the core, DFT methods are based on the electron density
n(r):N/er o dry W, (ry 1, .. ey (2.1.4)

The ground state electron density can be regarded as the fundamental quantity of a many-electron
system’s ground state, and it will further make the problem tractable due to two theorems provided
by Hohenberg and Kohn [7]: The first theorem (HK1) states, that the external potential Ve is
uniquely (up to an additive constant) determined by the ground state electron density ng(r),
which is a function of only three spatial coordinates. It defines an energy functional of the electron

density, given an external potential Vi with (¥[n] | Vex | U[n]) = J drvex (r)n(r):
EM:GWMT+UWMDf/@%MQMM. (2.1.5)

HK2 then proves that the true ground state electron density ng(r) corresponding to Vex minimizes
this energy functional, assuming such a corresponding electron density exists in the first place.
The fact that Ve is determined uniquely by the ground state electron density is equivalent to
saying that the Hamiltonian and hence the corresponding wave functions and eigenenergies are
a functional of the electron density, since 7" and U are universal for any system containing N
electrons. In consequence, the expectation value of any observable could be calculated if a method

for calculating the energy functional Eq. (2.1.5) and a strategy for its minimization are established.

2.1.4 Kohn-Sham equations

Kohn and Sham (KS) proposed to rewrite the energy functional as
Eln] = (¥s[n] | T | Ws[n]) + Enln] + (Usn] | Vext | Ws[n]) + Exeln] - (2.1.6)

This energy functional is the result of calculating the expectation value of the Hamiltonian with
an ansatz for the full many-body wave function as a single Slater determinant |¥4[n]) of non-
interacting electron orbitals. These N single-particle KS orbitals ¢;(r) correspond to an electron

density

n(r) = Zfz-|¢i<r>|2. (2.1.7)

fi is the occupation number of single-particle electron orbital ¢;(r) and takes values between 0
or 1 if the spin is considered. When spin is not treated explicitly, values between 0 and 2 are
possible. Integer numbers correspond to unoccupied or fully occupied orbitals, while fractional
values represent partially occupied states. In each case, the occupation numbers sum up to the

total number of electrons N, and only occupied (or partially occupied) states contribute to the

mwzé/w/wmwM” (2.1.8)

v — /|

electron density.

is the Hartree contribution to the Coulomb interaction energy, representing the analog to the
classical Coulomb interaction (compared to the full (¥[n]|U | ¥[n])), which omits the quantum-

mechanical electron exchange and correlation interactions.

The approach Kohn and Sham proposed, is to determine the ground state electron density ng(r)

of the system of interacting electrons with the energy functional in Eq. (2.1.6), which contains
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only expectation values in terms of a Slater determinant of non-interacting electron orbitals, and
an exchange-correlation energy functional of the electron density E,.[n]. Every contribution to
the energy functional of the fully interacting system (Eq. (2.1.5)) missing from the first three
terms in Eq. (2.1.6) is incorporated into E,.[n|. Through the introduction of E,.[n], without
loss of generality, no approximations have been made up to this point in the KS energy functional
Eq. (2.1.6), compared to a treatment of the true interacting system with ¥(r) in Eq. (2.1.5). Exact
expressions for the first three terms of Eq. (2.1.6) are available, such that the whole complexity of

the many-electron problem is then contained in the exchange-correlation functional E,.[n].

The form of the one “true” exchange-correlation functional is unknown, so it has to be approxi-
mated, which is a challenging task due to its generality. A wide variety of increasingly accurate and
complex approximations to the true unknown exchange-correlation functional E,.[n(r)] have been
proposed in order to achieve so-called “chemical accuracy”, which can be categorized according
to the “Jacobs ladder” of density-functional theory [16]. These approximations are not further

discussed within this work.

The strategy for obtaining the system’s ground state is a minimization of the KS energy functional
Eq. (2.1.6) with respect to the electron density n(r) by variation, including a Lagrange multiplier

to enforce particle conservation. This variation of the energy functional results in the KS equations

[8]:

{V; n UKS(r)} i(r) = i (r),

~
Eh}(s

(2.1.9)

defining the KS Hamiltonian hks (which acts on non-interacting single-particle orbitals), wherein

the KS potential is vkg(r):

UKS(r) = UH(r) + Uext(r) + 'Uacc[n(r)] ’ (2'1'10)

with

vy (r) = /dr’ n(r’)

r—r'|

(2.1.11)
wneln(e)] = 2t
and vext(r) defined by
(U g[n] |Vext | Ug[n]) = /drvext(r)n(r) ) (2.1.12)

Here vp(r) denotes the Hartree-potential, v,.[n(r)] is called the exchange-correlation potential
and vext the external potential. Eq. (2.1.9) takes the form of a single-particle Schrédinger-like
equation. The many-electron problem complexity is then reduced to solving the KS equations for
a set of N single-particle orbitals ¢;(r) with Lagrange multipliers ¢;, the former constituting the
ground state electron density. These ¢;(r) and €; appear as eigenfuctions and eigenvalues to the
KS Hamiltonian iLKS7 repectively, in Eq. (2.1.9). Since, however, the KS potential depends on the
density, which in turn depends on the ¢;(r), the set of N equations has to be solved iteratively.
Starting from an initial guess for the density, the set of KS equations is solved, and the density
is recalculated with the obtained KS orbitals ¢;(r) (or updated according to a mixing of ni*(r)
and n°%(r)). The latter two steps are repeated until the differences between consecutive densities
vanish. This strategy is called the self-consistent-field (SCF) method. It can be refined in order
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to improve convergence behavior.

As a last note, the interpretation of the single-particle orbitals ¢;(r) and corresponding Lagrange
multipliers €; as wave functions and eigenenergies appears intuitive, but needs to be taken with a
grain of salt ([36], Chapter 15 p. 391). They are merely auxiliary variables and have no immediate
physical meaning. The only fundamental quantity in DFT is the electron density built from the
Kohn-Sham (KS) orbitals. Nonetheless, in this work, the ¢;(r) and e; are interpreted as wave

functions and eigenenergies. Therefore, from now on, the former are written as ;(r).

2.1.5 Bloch’s theorem and periodic boundary conditions

Before proceeding, the concept of the unit cell and Brillouin zone (BZ) shall be introduced. As-
suming a periodic crystal structure, the whole crystal volume can be regarded as a number of
identical repeating unit cells. Choosing three basis vectors of the crystal lattice (aj, as, a3), every
real space lattice vector R pointing to a unit cell is expressed as R = nja; + nsas + ngag, with
ni,ng,ngy € Z. The parallelepiped spanned by real space lattice basis vectors is called the unit cell
with a volume of V,, = |a; - (az x a3)|. The reciprocal space is the dual space to the real space
and contains reciprocal space vectors k. In analogy to the real space equivalents, the reciprocal
lattice basis vectors (b1, by, b3) are defined by a; - b; = 2md;;, and reciprocal lattice vectors as
G = m1by +msbs +msbs with my, mo, ms € Z fulfilling G- R = 27n with n € Z. The equivalent
to the specific Wigner-Seitz unit cell in reciprocal space is the first BZ [36], which is referred to as
just BZ in this work.

When a single electron is moving in a potential due to nuclei arranged in a periodic crystal structure,
then Voyt (r) = Vext(r +R), with a lattice vector R. As a consequence, the Hamiltonian is invariant
under a translation with a lattice vector R [36]. In this work, the external potential and hence the
Hamiltonian of all materials are assumed to exhibit this cell-periodicity. Bloch’s theorem states,
that in this case the electron wave functions take the form ¥y (r) = e’ Tuy(r) with a cell-periodic
function uk(r) = ux(r + R) and a reciprocal space vector k. As a consequence, i tg(r) is an
equally valid wave function, as can be seen when expanding the cell-periodic part as uk(r) =
> qac(k)e’S T [36]. Therefore, restricting reciprocal space vectors k to the first BZ is sufficient.
Further, from Bloch’s theorem follows:

Ui(r +R) = MRy (r) (2.1.13)

and
(Wi | 1) ¥ =0k — K, (2.1.14)

which holds when k,k’ are within the first BZ. The superscript B indicates an integration on
the domain of R?. Naturally, within KS DFT, single particle orbitals represent non-interacting

electrons, and a cell-periodic potential is assumed. Hence, they are Bloch functions.

For practical numerical calculations, the BZ is sampled by a discrete N1 x No x N3 grid, comprising
a number of Ny = Ny Ny N3 points k in reciprocal space. These BZs are repeated periodically to
imitate the full infinite system, according to Born-von-Kérmén (BvK) boundary conditions [1, 2].
Under these conditions k appears as a natural quantum number, and thus single-particle wave
functions are denoted by vk (r), with associated eigenenergies €;. Mathematically, the discrete
BZ sampling is equivalent to simulating the real-space crystal volume by repeating BvK supercells
(SCs) comprising N7 x N2 x N3 unit cells. The exciting code does not consider an SC explicitly in
real-space integrals and instead calculates them as a sum over discrete k-points of integrals on the
domain of the unit-cell. However, the concept of the SC becomes relevant for Wannier functions,

since they are real-space objects. In this work, Bloch states are normalized within one unit cell
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when employing BvK boundary conditions. From this follows (mk | nk’)5¢ = Ny6mn 0k ks, where

t SC

the superscrip indicates the integration domain to be the BvK SC volume.

2.1.6 Basis expansion of Kohn-Sham orbitals

With the simplifications introduced in the previous sections, the approach for solving the many-
body problem with a specific material in scope reduces to solving the partial differential KS equa-
tions Eq. (2.1.9) self-consistently and thus to finding a set of single-particle orbitals v (r) as
eigenfunctions to hks and corresponding eigenvalues €; that result in the ground state density
no(r). Instead of solving the differential equation directly, it can be convenient to expand the KS

wave functions in a basis {@.k(r)} like

Np
Yire(r) =Y CKppl(r) | (2.1.15)

with expansion coefficients C’L‘i and a number of N basis functions .k (r). The expansion coeffi-
cients have dimension (Ng x Nkg), at every point in reciprocal space k, where Nkg is the number
of KS orbitals to calculate, with Nxg < Np. Substituting this expansion for wave functions in the
KS equations Eq. (2.1.9) and applying basis functions {p| from the left results in the secular

equation:

(Prrk \ iLKS \ @nk>0}:¢ = 6¢k<@n'k | @nk>cfl§i
2.1.16
& HECOK = kgkok (2.1.16)

with KS Hamiltonian matrix elements HYX = (0. | }AzKS | oxk) of dimension (Np X Np) in the

basis of the |¢,k) and the (Np x Np) basis overlap matrix SX, . = (ppk | ¢xk). Eq. (2.1.16) takes
the form of a generalized eigenvalue problem for every column of CX. Therefore, C¥ is also called
the eigenvector matrix within the scope of this work. Therefore, by choosing a basis {¢.k(r)}, the
partial differential KS equations Eq. (2.1.9) are transformed to a linear algebra problem, which
can be efficiently solved numerically with dense linear algebra routines at the cost of O(N3)! for

every diagonalization of H¥ at every k-point for every SCF-iteration.

2.1.7 The LAPW+LO method

One particularly useful basis for expanding the KS orbitals is a combination of augmented plane-
waves (APWs) and local orbitals (LOs). This basis combination is employed in the linearized
augmented planewave (LAPW+LO) method, which is treated within this work and utilized by
the full-potential all-electron DFT code exciting [28, 44]. Due to their high accuracy in solving
the KS equations, methods based on the combined basis of APWs and LOs are widely considered
as the gold standard of DFT for extended systems [28]. A brief introduction is given here, while

further details are discussed in [28].

For the introduction of the basis functions, the unit cell is partitioned into interstitial region (IR)
and muffin-tin (MT) regions, the latter being non-overlapping spheres of radii Ry, centered
around an atom « at position R,. APWs take planewave form in the IR and are smoothly
continued to a spherical harmonics expansion of solutions to the radial KS equations inside the MT
spheres, by matching a number of [-channels. Like APWs, LOs are atomic-like in MTs but strictly

zero outside, and they are chosen for specific orbital quantum number combinations (I,m) only,

1This is the cost for a full diagonalization of the Hamiltonian. In practice, one wants to retrieve only a total
number Nkg eigenstates, including all occupied states and optionally a limited number of empty states. Usually
Nks < Np, and iterative eigensolvers allow for retrieving only a number of Nkg eigenstates at lower cost than

O(NB)




2.1 Kohn-Sham density-functional theory 7

Figure 1: Illustration of the unit cell partitioning employed by the LAPW+LO method.
Basis functions are planewaves in the IR. MT spheres are centered around atoms. At the
MT sphere boundaries, the planewaves are continued to atomic-like & rapidly oscillating
functions. Additional local orbitals can be added inside the MT spheres.

while being associated to specific atoms «. The space partitioning and basis functions employed
in the LAPW+LO method are illustrated in Fig. 1.

The APW basis functions utilized in the LAPW framework are defined as

im e | AT uf (ai €10)| Yim(ra), 7o < Rur

AoeiGHIT, relR.

paik(r) = (2.1.17)

The radial functions wu;, (74; €) satisfy the radial Schrodinger equation, which, in principle, depends
on the eigenenergies €;x. This fact results in the KS equations becoming nonlinear. To navigate
this problem, radial energies are fixed as parameters to chosen values ¢, such that radial functions
are approximated as U (ra;€) & Ua(Tq;€lo). In order to improve upon this approximation, the
&-th radial function energy derivatives ufa (T €1a) = 050 u(ry;€) |6:€l can be added, in the spirit
of a Taylor-like expansion of radial functions around €;,. It can be shown that in this way, the

linearization error induced by fixing radial energies ¢, is reduced to O(e — €)% and O(e — €)*

A§7G+k

e to radial

for band energies and the total energy, respectively [28]. Matching coefficients
functions of order ¢ ensure a matching per [-channel to a spherical harmonics expansion of the
planewaves in the IR at the MT-boundaries, with explicit expressions available. The spherical

harmonics are labeled as Y, (r,). Further r, =r — R, and r, = |14/

Local orbitals are defined by

Eg 6ao¢L 6llL6mmL aiufa(ra; Ela)YEm(roc)a Ta S RMT
0, rc IR,

er(r) = (2.1.18)

with coefficients agL ensuring ¢r(r) = 0 at the MT boundaries and fQu dr|ern(r)]> = 1. A LO
is non-vanishing only in the MT around atom « and zero elsewhere. LOs need to be optionally
and manually chosen in quantum numbers [, m per atom species. Linearization energies ¢, and
radial derivative orders £ can be different from the LAPW choices, and all kinds of parameter
choices can be combined. LOs offer a different approach to tackle the problem of linearizing the
radial Schrodinger equation, while additionally providing more flexibility for the description of

wave functions inside the MT spheres.
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The specific basis combination introduced here will be called the LAPW-+LO basis in the scope of
this work. KS wave functions are expanded in the LAPW+LO basis as

Yi(r) =Y C&ipar(r) + Y CripL(r)
L

G (2.1.19)
= Z C}:i‘pﬁk(r) ’

with LAPW expansion coefficients C’lc‘;i and LO expansion coefficients lefr For later purposes, it
is convenient to define a combined index {x} = {G} U {L}, with

pu(x) = 4 o) mElG) (2.1.20)
er(r)  we{L},

at every point k individually. For practical calculations, a maximum vector of G, is chosen,
truncating the sum ), therefore turning the basis incomplete. Including enough basis functions
allows to approach a complete basis. With the LAPW+LO basis expansion, the KS equations are
transformed into a generalized eigenvalue problem of size Npapwiro = Na+k + V. 1.2 according
to Eq. (2.1.16). The overlap matrix S¥ is not diagonal, since the LAPW+LO basis functions are
not orthogonal. Finally, after specifying a basis, all ingredients for computationally solving the

many-electron problem are provided.

As a last note, it should be mentioned that KS orbitals can be classified by their degree of local-
ization around the atom cores. Core states are assumed to be strictly zero outside the MT regions
and treated separately, i.e., not included in the KS Hamiltonian in exciting. Instead, their wave
functions are obtained by numerically solving the Dirac equation in the MT spheres with a spher-
ically averaged KS potential at every SCF step. Importantly, they still contribute to the total
electron density. Semi-core states have only little contributions outside the MT regions and are
treated with the LAPW+LO basis expansion, just as valence states. In practice, the introduction
of LOs is necessary to accurately treat semi-core states in the same Hamiltonian as the valence
states [28].

2.1.8 The second variation method

Thus far, the KS Hamiltonian has not explicitly considered the electron spin, and the KS equations
have been solved with the LAPW+LO basis described in the previous section. In this formula-
tion, the KS Hamiltonian is invariant under global SU(2) rotations of the electron spin, implying
[ile, 3] = 0, where the single-electron spin operator is § = h/2 o and the vector of Pauli matrices
is denoted as o = (0, 0,,0). In this case, every state is two-fold spin-degenerate. This symmetry
is, however, broken when considering different physical effects [36]: (i) breaking of spin symmetry
through exchange effects, enabling a lower the total energy, (ii) an external magnetic field, or (iii)
the effect of spin-orbit (SO) coupling. The following two sections cover the consideration of these

three effects in the exciting code.

The rigorous treatment of the electron spin and magnetic effects requires the setup of a KS-DFT
framework starting from the full Dirac equation [26]. This comes at a higher computational cost,
since operators in a Dirac framework become 4 x 4 shaped, while single-particle wave functions
are then 4-spinors. Further, a generalization of the HK-theorems to the full relativistic case is
possible (current density-functional theory [25], Chapter 2.6), but includes the 4-current j#(r) =
(en(r),j(r)) (with the speed of light ¢ and current density j(r)) that now uniquely determines an

2More precisely, in exciting, the LAPW+LO basis size is k-dependent. See [28].
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external 4-potential A*(r) up to a gauge transformation [26].

For practical purposes, the exciting code employs the second-variation (SV) method ([12], Chap-
ter 5.14), to treat magnetic and spin-orbit (SO) effects. This section presents the spin-treatment
in exciting according to [28]. Within the SV method, simplifications to the Dirac equations are
applied by considering the non-relativistic limit. The Hamiltonian operator dimension is reduced
to 2 x 2 by disregarding the Dirac 4-spinor minor components [11]. Moreover, in exciting, orbital
magnetic effects are neglected, which originate from rigorous inclusion of the 4-potential (specifi-
cally through the vector potential A(r)) and couple to the electron angular momentum. Further,
instead of determining the system’s ground state via the 4-current, the HK theorems are gener-
alized to encompass the electron density n(r) and additionally parts of the magnetization vector

m(r) (see section Sec. 2.1.9), within the scope of spin density-functional theory ([25], Chapter 2.5).

Generally, a first-principles calculation applying the SV method is divided into two steps. In the
first variation (FV) step, the KS Hamiltonian or a scalar-relativistic (SR) zero-order regular ap-
proximation (ZORA) approximation to the Dirac Hamiltonian excluding SO coupling/magnetism
is treated within the LAPW+LO basis (for the case of exciting). In the second step, called
SV-step, magnetic and/or SO-coupling effects are included into the Hamiltonian [41] like:

3y = 1V 8o + [hp + hES™ A g0 | (2.1.21)

where o € {a,} is the 2-spinor index. The full 2 x 2 SV Hamiltonian is denoted as ESV, the
diagonal non-relativistic KS or ZORA-SR KS Hamiltonian as AFY, and the magnetic (ZORA-SO)

contribution as hp (ﬁégRA), respectively. The magnetic Hamiltonian contribution is defined by

hp = 9. 70 - [Bexi(r) + Brsu (1) + buc(r)] (2.1.22)

and takes the form of a Zeeman coupling term (compare [36], Chapter 17.3). The quantity Bext(r)
denotes an external magnetic field, Bpgy(r) a magnetic field used in the fixed spin moment method
[12], and by (r) = —0Eyx./dm(r) the magnetic exchange-correlation field electron interaction term.

The fine-structure constant is denoted by «, and g. denotes the electron g-factor.

The SO Hamiltonian used in exciting is defined by

- 2 10vo(r) &
HEORA _ a RRAPP 5 2.1.2
SO (2 —a2vo(r))2r Or 7 ’ ( 3)

where vg(r) is the spherically averaged KS potential and L is the orbital angular momentum
operator. ﬁggRA is a ZORA approximation to the full SO-term. Through the existence of o
in both the magnetic and SO-term, the coupling of magnetic fields and the angular momentum
operator to the electron spin is evident. Through hp and A%3RA the 2 x 2-Pauli matrices are
introduced into the SV Hamiltonian. Thus, RSV has to be treated with a two-component, spinor-

valued wave function. Let these SV-wave functions be defined as spinors

Jnk(ﬂ = Z Jnko(r)la% (2.1.24)

o=a,f

with ¢ (r) a SV-spinor wave function and ¢, (r)|o) a spinor component. Throughout this work,
SV quantities are denoted with a tilde as opposed to FV quantities without a tilde, when it needs
to be emphasized that they result from a SV calculation. Applying hSV to SV wave functions
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results in the SV Schrédinger equation

Z iL(Sr}T/”(ana’ (I‘) = gnk’(z;nka (I‘) . (2125)
o'=a,B

For solving this equation, a set of spinor component basis functions needs to be specified. Selecting
anumber 1... N, of FV-orbitals ¢,k (r) and expanding both SV wave function spinor components

in a basis of these as

N
{Enko (I‘) = Z 5fnlrzwmk(r) ) (2126)

with SV-expansion coefficients 5"’1‘, is a suitable approach for diagonalizing the SV-Hamiltonian
(Eq. (2.1.21)) when magnetic and SO effects are small compared to the other Hamiltonian contri-
butions [12]. In order to converge quantities calculated from an SV calculation (including the total
energy for determining the ground state density), a number NV,

unocc

be included in the basis set of FV orbitals, such that Ny = NEY 4+ NFV

occ unocc*

of unoccupied orbitals has to

The SV approach reduces the SV problem size significantly: If LAPW+LO basis functions were
again chosen as spinor component basis functions, one would need to diagonalize a Hamiltonian
matrix H5V of size (2Npapw+ro X 2NLAPWLO), With Npapw. Lo a significantly higher number
of LAPW+LO basis functions compared to Ns;. When employing FV-orbitals, the SV-Hamiltonian
size reduces to (2Ng X 2Ny). This greatly impacts the overall computation time, since the diago-
nalization of square matrices scales as O(N?) with problem size N. Further, the FV states provide
an orthogonal basis for the SV states. Expressing SV wave functions in the SV Schrodinger equa-
tion Eq. (2.1.25) with the expansion given by Eq. (2.1.24) and Eq. (2.1.26), and applying FV KS
orbitals (1| from the left leads to the SV secular equation [41]:

k,SV ~o'k _ ~ Aok
> Hoprn Ol = ey, (2.1.27)

O'/j/

From this equation, SV expansion coefficients Cok are calculated, yielding spinor-valued SV wave
sV

oo’

functions and SV eigenenergies. The matrix elements are calculated as [41]:

K,SV -
Hyoj5 = Wik [ hoor | k)

o (2.1.28)
= 000/ 0jj €1 + (Vi | (hp +h50 oo [ Pjrk)

wherein the calculation of the second term is straightforward by a re-expansion of FV states 1),k (r)
into the LAPW+LO basis.

2.1.9 Collinear and non-collinear treatment of the electron spin

Within spin density-functional theory, the HK theorems are extended to incorporate different parts

of the magnetization
1 ~ ~
m(r) = =) > Fachh(r)oi(r) , (2.1.29)
ik

in addition to the electron density for a spinor KS orbital

%

n(r) = Nik )3 FacBh () Pac(x) (2.1.30)
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Two different types of calculation can be distinguished, depending on which parts of the magneti-

zation are considered.

For the collinear case, only the z-component of the magnetization m,(r) is taken into account,
and the density is split into spin-up/down contributions along the z-direction (or along another
arbitrary direction related to the z-axis by a SU(2)-rotation). Thus, in collinear calculations, only
0, instead of the full vector of Pauli matrices is considered in the magnetic Hamiltonian contribu-
tion Eq. (2.1.22). Consequently, only the z-component of magnetic fields is considered in collinear
calculations. Spin-orbit coupling is, in general, a non-collinear effect (see below). Including only
o, leads to A8V in Eq. (2.1.21) becoming block diagonal. Therefore, o and 8 components of the
spinor SV wave function are decoupled. Furthermore, they are then also eigenstates of the spin-z
operator §, = h/20,, and can thus be interpreted as scalar spin 1/ wave functions. Under these
conditions, m,(r) = nq(r) — ny(r) and n(r) = ny(r) + ny(r). Then, the HK energy functional is
considered as a functional of n(r) and m(r) (or equivalently n4(r) and ny(r)). Consequently, the
same applies to the exchange-correlation functional. This formalism is equivalent to realizing the
z-component of the magnetization m,(r) of the non-interacting KS reference system to equal the
respective full interacting system’s magnetization z-component [26] (in addition to the electron

density).

Band structures, densities of states, or any other quantity resulting from a collinear calculation
can be calculated independently for each spinor component, and therefore be interpreted spin-
resolved. Magnetic configurations with spin alignments along the z-direction (collinear ferromag-
netic, antiferromagnetic, ferrimagnetic) can be realized by inducing a magnetic moment through
the application of an initial external magnetic field Bext . (r) in the z-direction globally, or locally
within MTs, and gradually switching it off during the SCF calculation. In this way, an effect
equivalent to the spontaneous breaking of spin symmetry through exchange effects can be realized
in the final configuration, with the magnetic field switched off. In such calculations, the magnetic
exchange-correlation field interaction by ,(r) favors spin polarized solutions, while the kinetic en-
ergy (Ug[n] | T | ¥g[n]) opposes them. The balance of both terms is deciding for whether a material

can achieve a magnetic configuration, or not ([12], Chapter 2).

With a general magnetic field or when SO coupling is considered, the spin treatment becomes
non-collinear, meaning the magnetization m(r) can point into any direction at r. The SO and/or
magnetic SV Hamiltonian contributions couple o and 8 Bloch spinor components through the full
vector of Pauli matrices o, such that an interpretation as pure spin-up and -down-component is
incorrect (o #1 and 8 #/). In the non-collinear spin treatment, it is only possible to realize the
magnetization vector’s absolute value |m(r)| of the non-interacting model system to be equal to
the full interacting system’s value at every r, when the full 4-current j#(r) is not considered [26].
In this case, the HK energy functional encompasses the electron density n(r) and |m(r)|. In turn,
the exchange correlation functional becomes a functional of both quantities. The non-collinear
spin treatment can also be described as regarding m(r) to be collinear locally [40], with a varying
spin-quantization axis at different r. This can be seen by projecting m(r) along its local direction,

m(r)

yielding m(r) - (o] = |m(r)]|.

2.2 Maximally localized Wannier functions
2.2.1 Wannier functions as tight-binding basis

A different, much simpler approximate approach to solving the many-electron problem, other than
DFT, is the tight-binding method. It is based on the superposition of atomic tight-binding orbitals

©n(r — R), localized in real space around single atoms [36]. From these, auxiliary Bloch functions
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21X (r) are constructed like

M) =) e Fo,(r—R). (2.2.1)
R

Strongly localized atomic orbitals are advantageous for the chemical interpretation of bonds and
typically provide a small basis when a subspace of the full Hilbert space is considered. Further, it is
easy to calculate quantities in reciprocal space with a fine sampling of k space using these localized
orbitals, since Bloch states constructed from them depend on k only in the phase factor e’ ®. The
auxiliary Bloch states give access to eigenenergies and thus eigenstates after a diagonalization of
the Hamiltonian (¢2% | h%S | ¢24x). With the resulting eigenstates, the BZ-integrals required for
many quantities in reciprocal space are easy to compute [36]. The quality of results obtained with
the tight-binding method entirely depends on the choices of single atom orbitals ¢, (r — R), and it
can easily fail for accurate descriptions of delocalized valence and conduction electrons. Further,
the accuracy of the obtained eigenenergies depends on the localization of the ¢, (r — R), when

employing BvK boundary conditions (for details see Sec. 2.2.7).

It is, however, possible to construct an orthonormal, minimal, and optimally localized tight-binding
basis starting from Bloch states (that are the result of a DFT calculation with a coarse reciprocal-
space sampling {k}) in terms of Wannier functions (WFs). This Wannier basis is entirely equivalent
to the Bloch basis spanning the Hilbert space under consideration. By constructing new auxil-
iary Bloch functions at arbitrary points q in reciprocal space from these WFs via Eq. (2.2.1),
Hamiltonian eigenfunctions and eigenstates can be interpolated onto a fine reciprocal space grid
{q}. WFs are more or less localized due to the gauge-freedom of Bloch functions they are con-
structed from, which can be exploited such that WFs can become maximally localized Wannier
functions (MLWFs). These allow access to accurate interpolated eigenenergies when employing

BvK boundary conditions.

In the following section, WF's are formally introduced. The subsequent sections will then treat the
localization of WFs and the construction of MLWFs. In the section on Wannier interpolation, it
will be demonstrated why MLWFs are ideally suited for interpolating eigenenergies and eigenstates
of a many-body Hamiltonian. In each section, it will be described how MLWFs and the different
quantities related to their construction are affected when calculated from a set of spin-polarized

Bloch functions, as described in [27].

2.2.2 Wannier functions and their properties
Gregory H. Wannier defined WFs w,,g(r) by [3]:

Ve [ ey
wnn(r) = /B ke (). (2.2.2)

with R a real-space lattice vector and V,, the volume of the unit cell. In bra-ket notation, a
WF is represented by [nR) with (r|nR) = w,r(r), while equivalently a Bloch function ,x(r) is
represented by |nk). The relation in Eq. (2.2.2) holds for each single band, which is part of an
isolated group of bands®. It is possible to invert relationship Eq. (2.2.2):

Ynie(r) =Y e Rwpr(r) . (2.2.3)
R

3Isolated in the sense that there exists a non-zero gap in energy between the set of bands and all other bands,
at every point in the BZ.
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The transformation from Bloch functions to WFs takes the form of a “Fourier-like” transformation,
where the conjugate pair of variables are continuous crystal-momentum (reciprocal-space) vectors
k and discrete real space lattice vectors R. Definition Eq. (2.2.2) assumes the reciprocal space to
be continuous. Using a discrete k-mesh with BvK boundary conditions, the integral in Eq. (2.2.2)

is to be replaced by a finite sum over k-points:

Ny
wnr(r) = Nik D e Rep(r) . (2.2.4)
k

WFs are orthonormal when constructed from a set of orthonormal Bloch functions:

2
(nR |n'R)*’ :7(2‘/“)6 / / dkdk’ e®Rem R | /K )
™) JBZ JBZ

V2 ) B
= / / dkdk’ e *Re= k- R5 5k — k)
(27m)° Jpz JBz (2.2.5)

Sy
T BZ

= 6nn’5R,R’ )

where in the second line Eq. (2.1.14) has been invoked. Further, WFs obtain a translational
property from Bloch functions by making use of Eq. (2.1.13):

v, e
Rl +R) = G /B dkee Ry (x4 R)

By R 20

= wypr-R/(T) -

Setting R = 0 and replacing R’ — —R/, it becomes apparent that a WF of index R is just a
shifted image of the WF associated to the home unit cell at R = 0 like

wnR(r) = wnO(r - R) . (227)

WFs span the same Hilbert space as the set of Bloch functions they are constructed from. It is
illustrative for this fact to construct the projection operator onto the Hilbert subspace spanned by

original Bloch states P and express it in WFs [27]:

(2‘7/:)3 Z/BZ dk |nk) (nk|

Ly e s

n R,R’

= [nR)(nR],

]5:

where in the third line the identity [, dke’®(R2=R2) = (27)3/V, 0, g, is used.

All relations above hold when spinor Bloch states are utilized to construct WFs. The latter inherit
the spinor nature from Bloch spinors.

2.2.3 Gauge freedom

The tight-binding method is computationally efficient for interpolations only if the employed or-

bitals are strictly of atomic nature, i.e., strongly localized so that overlaps with shifted images of
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larger R vanish. Invoking a simple 1-dimensional example of a single WF in a crystal of lattice

constant a, constructed from a Bloch planewave with ux(r) = 1:

1 .
k() = 56““ : (2.2.9)
Then y
Wpo(r) / dke=F0¢ike o M, (2.2.10)
—7/a

which decays algebraically only and thus has considerable overlap with w,,(r). This example
(though oversimplified for a complex crystal) shows how mathematically, WFs may by default not
be sufficiently localized to provide a good tight-binding basis.

However, it is possible to exploit the gauge freedom of Bloch functions in order to construct more

localized WFs. For a single isolated band |nk), replacing

Uk (r) = duie(r) = €9 Mg (r) (2.2.11)

does not alter the physical behavior of the system, when ¢, (k) is a real function called phase,
satisfying ¢, (k + G) = ¢, (k) + G - AR with a reciprocal lattice vector G and a real-space lattice
vector AR [27]. The associated WF is calculated from the altered wave function as

Vi

(2m)3 Jg

Va — ik R—gp (r)]

= o dke Oy (1)
BZ

wyr(r) = dke ®Rp, 1 (r)
Z

(2.2.12)

from which it is apparent that the WFs’ shape and spread, in general, changes under a gauge
transformation of Bloch states described above [27]. This also goes to show that different WF's can
have a wide variety of shapes within a given system, other than Bloch states, which are determined
in shape up to a phase ¢, (k). Due to the nature of the Fourier-like transform in Eq. (2.2.2), the
smoother Bloch states are in reciprocal space due to their phase, the more localized the WF's

constructed from them become. The gauge freedom can thus be exploited for this purpose.

In the case of an isolated set of J bands, the notion of gauge freedom is generalized by

J
Gnie(r) = > Uk, ne(x) (2.2.13)

where U¥ is a unitary matrix of size J x J “rotating” or “mixing” original Bloch functions among
each other. While no longer being Hamiltonian eigenstates, these rotated states ¢,k (r) span the
same Hilbert subspace as the original Bloch states. Their quantum number n can meanwhile no
longer be interpreted as a band-index referring to a single band. Rather, the new set of rotated
states is associated to the set of original bands. The same applies to the WF's constructed from

these rotated states:

wyr(r) = W /B , dke *Rep 1 (r) . (2.2.14)

(2m)?
The rotation of spinor Bloch states with a unitary Uk is applied to the whole spinor object, in the
same fashion as for scalar states [27]. WFs Wy (r) (unitary mixing matrices UX) are written with

a tilde, if they are created from (apply to) spin-polarized Bloch states.
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2.2.4 Marzari-Vandebilt method for constructing MLWF's

An optimal choice of unitary matrices UK can lead to a set of mazimally localized Wannier
functions (MLWFs)%. At this point, it is necessary to introduce a well-defined criterion of WF
localization. Marzari and Vanderbilt proposed the following spread functional, to measure the
total spread of a set of WFs constructed from Eq. (2.2.14) [14]:

J
Z [ (n0| 72 n0YSC — (no|r | n0>sc2] , (2.2.15)

where 72 = r2. Q quantifies the quadratic spread of the position operator in terms of the WFs

[n0) [27]. This measure of localization is used throughout this work. The spread functional is
minimized as a functional of the unitary mixing of Bloch states, from which WF's are constructed,
as Q = Q[{U¥X}], by variation of the set of {UX}. When fully converged, the final set yields
optimally rotated states ¢,k (r) that lead to MLWFs by Eq. (2.2.14). Following [14], Eq. (2.2.15)
can be decomposed into three parts like Q = Q7 + Qop + Qp, with the independent, off-diagonal
and diagonal contribution Q;, Qpp, and Qp, respectively. Together with expressions provided by
Blount [6], they are expressed by:

1
o= T (J—;\Mm; )

Qp = Nik kZ:wb Z —ImlnM}f;lb —b- k/zl; W' b ’Imlan b’ (2.2.16)
Qop = ZWb Z |MP
k,b m#n

where b is a member of a set of vectors connecting k to its nearest neighbors in reciprocal space.
Together with weights wy,, they are used to approximate Vi by finite differences. Vi is used in
Blount’s relations for the evaluation of the position operator expectation values in Eq. (2.2.15) in
reciprocal space. Observing Eq. (2.2.16), it is clear that all Q-contributions can be calculated from
the matrices MXP_ which are defined by:

M2 = (x| €T | i)™ (2.2.17)
By substituting Eq. (2.2.13) for the rotated Bloch states, it follows

Mkb Z mm' mk\e zbr|nk+b> Uk—i—b. (2218)

— i kb
=M

The quantity MXP = (mk|e~™T |nk + b) shall be referred to as the planewave (PW) matrix.
It can be calculated once and for all from initial Bloch states |nk), at the beginning of the -

minimization.

When the SV method is utilized, Bloch functions ¢, (r) and hence mixed bands ¢ (r) take

spinor form. Then, in the calculation of the SV PW matrix ./\//vlk*b, a sum over spinor components

4Wannier functions are still SC-periodic. The notion of maximal localization thus refers to a maximal localization
within one SC.
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is introduced through the evaluation of the inner product of Bloch spinors [21]:

(Vi | €™ [ Ypiesn)

Z </(ka0 | e—ib~r | "an+ba> .

o=a,B

Tik,b
MED

(2.2.19)

In each iteration step of the spread functional minimization, with updates of the {UX}, MXP
and hence all contributions to the spread functional can be calculated from the PW matrix M*P.
Updates to the U¥ are computed from the gradient G¥ to the spread functional, w.r.t. components
of the different UX, at each k. The gradients are functionals of M¥P too [14]. With these
ingredients, a strategy for minimizing the spread functional of unitary mixing matrices Q[{U*}]
is laid out, which provides the optimal set {U*} leading to MLWFs at the global minimum. The
Marzari-Vanderbilt method for the construction of MLWF's is the foundation of the recent Wannier
implementation in exciting. The detailed procedure of how to minimize Q[{U*}] as a functional
is not described within this work. It is a high-dimensional minimization involving Ny matrices
U¥ of size J x J. Their entries need to be chosen under the constraint that the U¥ are from the
manifold of unitary matrices. This fact imposes manifold constraints on the gradients of the spread

functional and the overall optimization. The reader is referred to [14] for additional information.

It should be mentioned that a good initial guess for MLWFs is required to efficiently converge
this high-dimensional minimization. For this purpose, the recent Wannier implementation auto-
matically generates a set of projection functions [14] from local orbitals (readily available in the
LAPW+LO basis), by using the Aufbau principle [38, 43]. These are then systematically refined
to provide a good initial guess for minimizing the spread functional using the optimized projection
function method [31]. To automatically generate a set of projection functions for spinor MLWF's,
the author of [38] extended the generation scheme to spinors. The resulting initial guesses are

utilized within this work’s spinor adaptation of the exciting Wannier implementation.

2.2.5 Entangled energy bands

So far, only isolated sets of bands and WFs calculated from these have been considered. However,
many bands, e.g. in metals, do not form such isolated groups. In many cases, there is at least one
band that is attached to bands outside the considered energy window at some point k in reciprocal
space. Consequently, the number of these entangled bands fully contained in the energy window
differs at different points throughout the BZ. This leads to a non-square unitary mixing matrix
Uk . of different sizes at different k in the construction of MLWFs, which may also mix bands of
very different characters, hindering the smoothness of mixed Bloch states and thus the localization
of WFs.

To tackle these problems, Souza, Marzari, and Vanderbilt (SMV) propose an energy disentangle-
ment procedure. It aims at disentangling the one J-dimensional subspace from the Jx > J bands,
contained in a considered (outer) energy window at each k, which leads to the smallest spread
functional contribution 2y, compared to all other possible subspaces [17]. This contribution
is gauge invariant w.r.t. the application of a unitary mixing U¥ within the square disentangled
subspace of dimension J, but can be interpreted as a measure for the “change of band character”
for the case of entangled bands [17]. Minimizing Q; should therefore give the “smoothest” sub-
space for the Wannierization procedure. For the construction of MLWFs from entangled states,
they suggest a two-step procedure in which first a set of semi-unitary disentanglement matrices
{UX} of dimension Ji x J at each k is to be optimized for, by minimizing Q;[{{/¥}]. The spread
contribution €; and the gradient to Q; w.r.t to the ¥ can be entirely expressed by UX MK Py/k+P,

providing a starting point for a minimization procedure (for details see [17]). The disentangled
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subspace is composed of J disentangled bands ®,,x(r) that are calculated from original Bloch

states by

Z U (T (2.2.20)

MLWTFs are then constructed in a second step, by applying a unitary mixing U to the ®,,(r),
instead of original 9.,k (r) (compare Sec. 2.2.4). When employing the SMV disentanglement pro-
cedure, the PW matrix update equation Eq. (2.2.18) for this second step is altered by replacing

|wnk> — |(I)nk>:

T Jk+b
kb di 2 : 2 : —ib- SCrrk+b
M 18 m'k | (& vhr | (I)n'k+b> Un n
/

o (Mk,b)d1s — (Uk) (uk) Mk,buk+bUk+b ,

(2.2.21)

where the (¥ are fixed from the disentanglement step for the SMV method and M¥P is the PW

matrix calculated from original (entangled) Bloch states.

In addition to the outer energy window encompassing the entangled states, it is further possible
to define an inner energy window. In order to reproduce entangled bands exactly inside this inner
window, it is demanded that Z/{}q‘lm, = Omm for a state ¥,k (r) whose energy €, lies inside the inner
window at k [17]. This ensures that during the disentanglement step, bands in the inner energy
window are fixed, i.e., the corresponding states are not mixed with those outside of it. Let My be
the number of states in the inner energy window at k. Then the number J of MLWF's to construct
needs to be chosen such that My < J < Ji for all points throughout the BZ. In this case, only
the Jx — My states that are contained inside the outer but outside the inner energy window can
contribute to the minimization of Q; at each k [17]. For later purposes, the energy windows shall

be defined. The outer energy window is defined as E°"* = [e94ter eOuter]  The jnner energy window

min J rma

is fully contained within the outer energy window and defined as E'™ = [¢lnner ¢lnner] — pout it

min max

eduter < einner - ¢inner - couter (only one of the two < can be equal). Let the outer-only window
be defined as Eeut-only = pout \ Fin- containing energies inside the outer, but outside the inner

energy window

A more recent disentanglement approach described in [35] supplies a method for the joint opti-
mization for a disentangled subspace and unitary mixing within this subspace in a single combined
step, leading to MLWF's of equal or, usually, lower total spread €2 compared to the two-step SMV
method. This full disentanglement allows for a higher Q; if a smaller total spread € is thereby
achieved. Instead of two consecutive separate minimizations of Q;[{t/¥}] and Q[{U*}], the total
spread is minimized as a functional Q[{(X¥,Y¥)}]. X¥ is a J x J matrix and Y¥ is a matrix of
size (Jx — J) x (J — My), defining

~ Yk o
Uk = Xk (2.2.22)
0 I

such that optimal rotated bands ¢, (r) leading to MLWF's result from entangled original Bloch
bands directly as®

Pric(r Z W Umk(r) - (2.2.23)

5In order to match the construction of U¥ the initial Ymk(r) need to be ordered such the bands in the inner
energy window are always counted before others from the outer-only window by index m.
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As described in [35], the full disentanglement method can be considered a generalization of the
two-step procedure proposed by Souza, Marzari, and Vanderbilt. Compared to the SMV method,
it is possible to split Uk = ykyk by identifying

Yk 0
Uk = and U = X*. (2.2.24)
0 I,

For the full disentanglement method, the minimization of the spread functional can therefore be

regarded as calculating arg minQ[{¢/¥U%}]. Both methods are implemented within the exciting
UkUx

code. In the following sections, the splitting in Eq. (2.2.24) is employed to make adaptations of

the SMV and full disentanglement methods comparable. Further, the case of isolated bands can

always be retrieved by fixing &% = 1; for both methods.

2.2.6 Collinear spin-pure Wannier functions

When calculating MLWF's from Bloch states that are the result of a collinear SV-calculation, the
association of spinor components with spin up and down would be lost when mixing spin-pure 1-
and |-states through UX . However, since the Hilbert spaces of up- and down-states are decoupled,
one can construct two sets of MLWFs separately [27]. The joined set of both spin-up/down MLWF's
again spans the same subspace as the set of all original states. When a disentanglement of states
is necessary, it can be advantageous to only mix states of the same spin character via ¥ during

the disentanglement step, such that the two disentangled subspaces remain spin-pure [27].

Alternatively, in [21], collinear spin-pure MLWFs have been constructed after an energy disen-
tanglement step via the SMV method that included initial DFT states of both spin up/down,
thus mixing spins. Effectively spin-pure subspaces were then extracted post-disentanglement, by
diagonalizing the matrix representation of the §, operator in the disentangled subspace and as-
signing states to spin-pure subspaces by S, eigenvalues close to +1 or —1 (units of %/2). In
practice, for iron, with a magnetic field applied in the z-direction and core electrons treated in
a pseudopotential framework considering SO coupling, this yielded eigenvalues |s| > 0.999 [21],
implying that SO coupling has a weak effect on the valence and conduction bands of iron. Then,
with energy-disentangled, spin-pure subspaces retrieved, the full spread-functional minimization
was performed in each spin-pure subspace separately, yielding virtually spin-pure MLWFs. While
in [21] this method is employed on top of a formally non-collinear DFT calculation considering SO

coupling, it could be used on top of an exactly spin-pure collinear DFT calculation, too.

However, the method of Wang et al. is not applicable when employing the full disentanglement
method, because the disentanglement and spread-functional optimization within the disentangled
subspace are conducted in a joint step. Then, no diagonalization of S, can be conducted in between
the disentanglement step and the spread-functional optimization. Therefore, in this work, these two
steps are conducted separately in the subspaces spanned by collinear spin-up/down states resulting
from a first-principles DFT calculation. The same procedure is applied when employing the SMV
disentanglement method. By conducting the SMV energy disentanglement entirely separately in
the spin-up/down subspaces, some flexibility for the minimization of ; may be sacrificed compared
to the method in [21]. However, it can be guaranteed that exactly spin-pure MLWF's result for all

collinear systems and choices of disentanglement windows.

2.2.7 Wannier interpolation

Several quantum-mechanical material properties of interest require calculations with a dense sam-

pling in reciprocal space, e.g., the density of states (DOS) or optical spectra. For this purpose, a
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large number of k points must be considered for solving the KS/SV secular equation. However,
diagonalizing the KS Hamiltonian in the LAPW+LO basis at every point k in every SCF-cycle step
comes at a high computational cost of O(NZSF NuNP s pw1,0)- If the SV method is employed, the
additional SV-step diagonalization further raises the cost. When quantities require a fine reciprocal
space sampling, first a SCF calculation can be conducted on a coarser k-grid. Then, by freezing
the obtained ground state density, H¥ can be diagonalized non-self-consistently in the LAPW+LO
basis, at arbitrary points in reciprocal space q, yielding eigenenergies and wave functions. This
approach usually provides good accuracy when the SCF step is conducted on a coarse, but still
sufficiently dense k-grid. Nevertheless, (i) it is still expensive due to the LAPW+LO basis size and
(ii) the cost of this scheme becomes prohibitive when hybrid exchange-correlation functionals are
employed. When these are utilized, the xc-potential contains non-local terms, i.e., Vext = Voxt (T, T').
Further, the post-DFT GW method allows for the (perturbative) correction of single particle eigen-
values to obtain quasi-particle energies, but also requires the calculation of the non-local self-energy
Y (r,r’;w) [15]. Thus, when employing hybrid exchange-correlation functionals or the GW-method,
the cost of each diagonalization of the Hamiltonian scales as O(Ng). Consequently, a more ef-
ficient method for interpolating k-dependent quantities from coarse reciprocal-space grids onto

dense grids is desired.

Starting from the tight-binding approach, Slater and Koster suggested a method to interpolate
quantities in reciprocal space using atomic orbitals [4]. They argued that when overlaps between
orbitals centered on different atoms become small, then matrix elements containing these orbitals
can be disregarded. Following this argument, the number of matrix elements required for an
accurate interpolation can be greatly reduced when atomic orbitals are maximally localized around
their parent atoms. MLWF's pose an ideally suited set of atomic-orbital-like functions for the Slater-
Koster interpolation scheme, since they (i) span the complete Hilbert space under consideration,

are (ii) orthonormal, and (iii) are maximally localized with respect to a localization criterion.

In this section, it will be shown how MLWFs can be used to interpolate energies onto a fine grid,
following [27]. Let g be a vector in reciprocal space that is a member of a fine interpolation grid,
or a specific path through the BZ. With a set of finalized {U*} (or {/*U*} with disentanglement),
MLWFs result from optimally rotated Bloch functions (Eq. (2.2.13)) and a discrete BvK k-grid as

wnr(r) = 3 Z e R L (r) . (2.2.25)

Inverting this equation for a vector q instead of k yields a set of auxiliary Bloch states d)aux( )

(which are not Hamiltonian eigenstates):

aux Z e IRy m(r (2.2.26)

Within the gauge of these auxiliary states, Hamiltonian matrix elements are calculated as

Faaux _ < prux | A | ¢aux> ) (2.2.27)

mn

The KS (or SV for the spinor case) Hamiltonian is abbreviated as h in the following. These matrix
elements can be calculated as either an integral over one unit cell or over a SC containing Ny unit
cells:

< aux | h | ¢aux>

mq

= o [l o)™ (22.28)

Switching to the SC domain is useful when re-expressing auxiliary states |¢5) in WFs using
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Eq. (2.2.26):

< aux | h ‘ ¢aux> Z eiQ'(RI*R) <mR ‘ il | nR/>SC (2229)
R,R’

The RHS matrix elements can be rewritten using Eq. (2.2.6), Eq. (2.2.7), and h(r + R) = h(r):

(mR | h|nR/)SC = /SC drw’ g ()h(r)w,r (r)
= / drw?,o(r — R)A(r)w,r (r)
sc
= /SC dr’ IU:;LO(I'/);L(I‘/ + R)wnR’ (I‘l + R) (2.2.30)

= [ dr wo () A ywarw(r)
SC

= (m0|h|nR’' —R)5C

with the substitution r' = r + R, dr’ = dr in line three. Using this relation, Eq. (2.2.27) yields:

1 . / R
o = — Z ela (R -R) (mO| h|nR’ — R)5C
KRR/
_ ) (2.2.31)
= Z e TR (mo | h|nR)5C

R
Rearranging the sum to go over only R is justified, since the set of {R} contains any possible
difference R’ — R of real-space lattice vectors within the BvK SC. For the calculation of H&a"™
Eq. (2.2.31) is expressed again for k instead of q:

Hb{zux _ < aux | h | ¢<1ux Z eik»R<m0 | }AL | nR)SC (2232)
R

The inverse Fourier transform is applied to this equation, yielding:

<m0|h|nR Ze—sz aux|h| aux>

) (2.2.33)

- Fk Z eiik‘R[UkTHkUk}mn )

where HX == (mk|h|nk) = €0y is the diagonal Hamiltonian matrix expressed in the original

eigenstates. In the first line, the following relation for auxiliary Bloch states at k is used:

aux _ Zezk Rzeflk RZ mn|¢mk’ Z mnka

=1

(2.2.34)

wherein the terms above the underbrace enforce k = k’, too. When a disentanglement method
is employed, UX needs to be replaced by U*¥U¥ in the relations above. The matrix elements
(m0 | h | nR)SC need to be tabulated only once after obtaining finalized MLWFs (more precisely, the
set of U¥ leading to MLWFs). Plugging the above expression for (m0|h|nR)SC into Eq. (2.2.31)
yields the Hamiltonian matrix elements in the gauge of auxiliary states. Finally, interpolated
Hamiltonian eigenstates ¢,4(r) and eigenenergies €,q at g can be accessed by a diagonalization of

H32ux " conveyed through eigenvectors V4:

!

VA HIAXY) = €q0mn
Z g (2.2.35)

= nq(r
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Note, that, for points on the interpolation grid/path matching an original grid point q € {k}, the
original eigenenergies and eigenstates are reproduced (inside the inner energy window). The size
of HYax ig J x J (with J the number of WFs and auxiliary Bloch states), which is much smaller
than the Hamiltonian size when expanded in an LAPW+LO basis. Therefore, the diagonalization
conducted for the interpolation from {k} onto {q} is inexpensive in comparison. The Fourier
transforms and matrix multiplications required for the Wannier interpolation procedure are cheap,
too. As such, the computational cost of a post-DFT Wannier interpolation is dominated by the
cost of the construction of MLWF's.

Regarding Eq. (2.2.31), the number of matrix elements (m0 | h|nR)SC that can be calculated for
a combination (m,n) is limited by the number of vectors R within the BvK SC, which is equal
to Nx (see Sec. 2.1.5). From this fact, it becomes evident how MLWFs are an ideal candidate for
the Slater-Koster interpolation scheme: Let the overlap between |m0) and a WF at the boundary
R’ of a large BvK SC |nR’) be significant. Then the corresponding term in the sum over R in
Eq. (2.2.33) is lost, when a smaller SC in the same system (not containing R’) is considered. Hence,
by employing BvK boundary conditions, an error is always introduced in the Wannier interpolation.
Through the optimization for MLWFs for a given SC size, a minimal overlap between WFs at
different R is obtained (assuming a suitable localization criterion). Therefore, the contributions

lost in the finite sum in Eq. (2.2.31) are also minimized.

The Wannier interpolation method does not require changes, when spinor MLWF's are employed,
since the set of UX/U{*U¥ is just applied to Bloch spinors and no other matrix elements except
HE = (mk|hSY | nk) = €,xbmn are required in Eq. (2.2.33).

After the Wannier interpolated Hamiltonian eigenstates have been retrieved, arbitrary cell-periodic
single-electron operators 6 with 6(r + R) = 6(r) can be calculated using MLWFs [22]. The opera-

tor’s expectation value in the gauge of auxiliary Bloch states is retrieved from MLWFs as
Onin @ = (dpq | 0] izxy“ = Zeiq'R@nO |o|nR) , (2.2.36)
R

and transformed into the Hamiltonian eigen-gauge O1'4 with the eigenvectors V4 from Eq. (2.2.35)
like:

OHa = pyatpauxaypa (2.2.37)
The matrix elements (m0|6|nR) are calculated by expressing Eq. (2.2.36) on the original grid

{k} and applying the inverse Fourier transform, in analogy to the interpolation of the Hamiltonian
Eq. (2.2.33).
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3 Implementation

Within the scope of this work, a recent (spin-unpolarized) Wannier implementation [34, 38] within
the full-potential all-electron LAPW+LO DFT code exciting [28, 44] is extended to the spin-
polarized case. This chapter describes the implementation details that enable the creation of spin-
polarized MLWF's, and the calculation of quantities in terms of these. The previous implementation
enables the automatic construction of spin-polarized MLWFs with a variety of optimization and
disentanglement methods. The extension featured by this work heavily relies on the existing
code for the minimization of the spread functional Q (Sec. 2.2.4), disentanglement methods, the
calculation of the PW matrix Eq. (2.2.17), and Wannier interpolation (Sec. 2.2.7). It aims at

keeping code refactoring minimal, so that existing code is reused where possible.

3.1 Planewave matrix

As described in Sec. 2.2.4 and Sec. 2.2.5, the PW matrix is the starting point for the minimization
of Q[{U¥}] and disentanglement methods. Recollecting Eq. (2.2.19), M%® picks up a sum over
spinor components when calculated in terms of spinor-valued wave functions. In practice, SV wave
functions |?,an> are re-expanded into F'V orbitals via Eq. (2.1.26), and the latter re-expanded into
the LAPW+LO basis |@xk) using Eq. (2.1.19):

Une(®) = Y Vo (r)|o

o=,

Z Z C'gz]:L 7/}mk >

o=a,f m

~ (3.1.1)
-y ¥ [okcvk} ()]0
o=a, kK w
= Z ZDK,TL()ORI( >
o=a, kK
SV and FV eigenvectors matrices Cok /C* are multiplied, defining
D7k = ckCok (3.1.2)

as SV to LAPW+LO expansion coefficients of size Npapwiro X Ns for each k and 0. The SV
Bloch states expanded in the LAPW+LO basis are then plugged into the SV PW matrix expression
Eq. (2.2.19):

M= 3 W ™™ [Unkesne) ™

o=,

= > > D {pmc | e | prnen) DI

o=a,B K,k

(3.1.3)

This expression allows for an easy adaptation of the previous implementation, which in practice
calculates the PW matrix by re-expanding scalar orbitals into the LAPW+LO basis. Spinor
components are added to LAPW+LO expansion coefficients and sums over spinor components to
matrix-element integrals. For the practical computation, the PW matrix elements were previously
split into IR and MT-region contributions ([34], Appendix A). Accordingly, SV-spinor component
terms in Eq. (2.2.19) are divided as

<1kao' | e—ib-r | &nk+bo’> = <&mko‘ | e—ib~r | Jnk+bo>IR + </(ka0' | e—ib~r | Jnk+bo’>MT ) (314)
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with

Yo D& lec )™ + 3, DIk )M R = MT

|1Z"k”>R - ok IR
ZG DGn|§0G+k> R=IR.

(3.1.5)

Above, the LAPW+LO basis functions |¢,)® are replaced by their expressions within MTs/IR
from Sec. 2.1.7. Note that the expansion coefficients Dk in region R pick up a spinor component,
compared to the non-spinor coefficients C* in the previous implementation. The spinor-adapted
PW matrix elements can be used in the spread-functional minimization leading to MLWF's, without
other changes to the Marzari-Vanderbilt framework. Correspondingly, the majority of the previous

Wannier implementation can be reused for the construction of spin-polarized MLWFs.

3.2 Collinear spin-pure MLWF's

This subsection covers additions to the existing Wannier implementation in exciting, which enable
the construction of collinear spin-pure MLWFs (Sec. 2.2.6). In the following, o =1, labels the
spin index of a quantity, and the collinear spinor wave functions are considered as scalar spin-pure
wave functions by disregarding the zero component in their spinors (compare Sec. 2.1.9). The
tilde over Bloch functions Jfk(r) again indicates that they are the result of an SV first-principles
calculation, and o is a superscript for the purpose of indicating, that the {/;fk(r) are the full scalar

Bloch functions, not just Bloch spinor components.

The existing Wannier implementation assumes the set of input Bloch states to be ordered in
energy for setting up variables and calculating the original PW matrix. However, for a collinear
first-principles calculation in exciting, input states come ordered in energy only within the spin-
1 and -] set, respectively. Therefore, for extending the existing Wannier implementation to the
collinear spin-pure case, the two sets are joined and the resulting set is sorted in energy, in order
to keep code refactoring minimal. After initial variables are set up, optionally, a collinear Wannier
calculation can be triggered. Then, for the construction of spin-pure MLWFs, states are mixed
only with others of the same spin during disentanglement and/or the total spread minimization
(compare Sec. 2.2.6). This is realized in the following way: Let ¢ index the joined set of states
{hc () yeorted = sgrt{zmk(r)} U {z’b}k(r)} sorted in energy €, which are the result of a collinear
ik

SV-calculation at k. Define a matrix V¥ of dimension Jx X J,x that takes the block structure:
VUk _ |:Vak,0ut Vo’k,in:| , (321)

where [J,k is the number of states with spin ¢ in the outer energy window at k. This matrix
mediates the extraction of two sets ¢ =1,] of spin-pure states {/Jv;’k(r) from the joined, energy-
ordered set {1 (r)}5orted as

Jx
%) = VT a(r) . (3.2.2)
i
A new index j € [1,..., Jok] is now ordered such that it counts states contained in the outer-only

window first (ordered in energy within), and states contained in the inner energy window (ordered
in energy within) after, at each k in reciprocal space. The blocks in V¥ mediate the extraction
of states of spin ¢ contained in the outer-only energy window (V°%°u) and inner energy window
(Vokin) from the joined and sorted set {tc(r)}*r**d. Each column of Vokout/yokin containg
only one 1 with all other entries being 0, such that (i) a state of spin o is picked and (ii) states are

assigned to the respective energy window they are associated to, ordered in energy within. Fig. 2
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Figure 2: Tllustration of Eq. (3.2.2). An example column j,, of V¥, containing one entry
of 1 in row 4, and all others 0, is marked in blue. The matrix VoK transforms the set
{hic(r)}%orted such that a spin-pure set {¥9x(r)} of states with spin o =7, is picked from
it and ordered, so that outer-only window states precede and inner window states follow.

illustrates the state selection process from the joined and sorted set of Bloch states {1y (r)}srted

and the construction of V7K. The spin information is retrieved by reversing the sorting.

The collinear disentanglement procedure rotates the extracted spin-pure states. Replacing orig-
inal Bloch states with these in Eq. (2.2.20), like {/;nk(r) — {/;Zk(r), the SMV disentanglement is

expressed as

Jok

ok T
nk E ujn

_ Z [vakaak} . Dic(r) -

(3.2.3)

In the 2nd line, Eq. (3.2.2) is invoked, and a spin index is added to Zj"k, yielding spin-pure
disentangled subspaces spanned by the &);‘nk(r) At this point, the calculation of MLWFs from
two spin-pure sets of disentangled states proceeds by the minimization of [{ (7”1‘}] via consecutive
updates to the PW matrix MEP from Eq. (3.1.3). The introduction of V¥ propagates into these
updates (Eq. (2.2.21)):

(Mek:Pycol.dis _ (?ok)u%i | e~ | &)Efbﬂ}[karb i ~ )
= (U7} (oK)t (Vokyt plobyoktbpokiboktb

where [7"1‘, L~{"k, and (]T/.I'/"k’b)col’dis pick up a spin index. (M"k’b)ml’dis is the PW matrix employing
energy disentanglement for the construction of spin-pure MLWFs, in the context of a collinear
spin-treatment. The original PW matrix MXP is calculated from the energy-sorted joined set of
original Bloch states {{/?lk (r)}orted, For the full disentanglement method, Uokyok applies directly
to the extracted spin-pure states in Eq. (3.2.2). The case of isolated bands is retrieved by setting
Uk=1s,.

In the practical implementation, the (collinear) spin-pure states 1/) . are considered as the start-

ing point of the SMV disentanglement minimizing 1[{2/{"1‘}] with a consecutive minimization of
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Q[{U*}], or the joint minimization of Q[{L{7*U7*}] within the full disentanglement method. All
rotations 4% or U7k apply to the {Z;;’k The contributions to {2 and its gradient are calculated start-
ing from MkP = (Vok)f pkbyoktb which are updated with the 47%/U% (SMV) or U7kUk
(full). After the minimization of the spread functional is converged, rotated states that lead to
MLWFs are expressed in terms of the initial sorted set of original Bloch states by incorporating the
state selection by V7K into the energy disentanglement like 4% — Vokg{ok Finalized collinear

spin-pure MLWFs of spin ¢ come out as:

Jx

@;‘LR&):N%ZJM Z[ﬁ“kﬁ“k}m%k(r)l with Pu(r) € {ac(r)}ted  (3.2.5)

k

K3

3.3 Construction of spin-polarized MLWF's — Implementation summary

A workflow graph summarizing the construction of spin-polarized MLWF's is presented in Fig. 3.
This graph is based on the original workflow graph in [34], which illustrates the construction of
(spin-unpolarized) MLWFs with the previous Wannier implementation. Tab. 1 summarizes the
states utilized at different workflow steps and compares the calculation of collinear spin-pure to
non-collinear spinor MLWFs. The only difference between the two options lies in the creation of
spin-pure initial states and the introduction of a spin-index to transformation matrices for the

collinear case.

Quantity spinor case spin-pure case
original Bloch spinors {/;nk(r) '(an(r)
spin-pure ordered states n.a. ~Zk(r) = ng Voky o (r)
disentangled states (SMV) '5nk(1‘) = ZT‘ZL“ Zj}fqunk(r) E)Zk(r) = ng“ Zj&ﬁ@fnk(r)
Snic(r) = 7, Ul @i (x) (SMV) 07 (r) = Yo7 Ugk @7, (r) (SMV)
disentangled+rotated states —— —— — — ——— —
bnk(r) = X7 URT]in b (r) (full) | @2, (r) = SIox[UKTTK]1mp 07, (r) (full)
MLWFs W (r) = 5o Ve Roni(r) Wr(r) = 5 Xke R, (r)

Table 1: Comparison between the construction of spinor and spin-pure MLWFs. The
calculation of the states utilized during different workflow steps is presented.
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Figure 3: Workflow for the construction of spinor MLWFs or spin-pure MLWFs. The spin index
o =1, is only required for the construction of spin-pure MLWF's and dropped for the construction
of spinor MLWF's.
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3.4 Wannier interpolation
3.4.1 Band structure and density of states

In the previous exciting Wannier implementation, Hamiltonian eigenenergies can be interpolated
according to the procedure in Sec. 2.2.7, also providing access to interpolated eigenstates. From
the eigenenergies, an interpolated band structure can be obtained, and a density of states (DOS)
can be calculated. The necessary changes to the previous implementation for a Wannier starting

from spinor MLWF's are mostly trivial as stated in Sec. 2.2.7, except for some quantities.

For the general non-collinear spinor case, the energy interpolation procedure laid out in Sec. 2.2.7
needs no adaptation, since the spinor character of original Bloch states is contained in the original
SV Hamiltonian matrix elements HX during the construction of interpolated states. For an SV
calculation, H* is again diagonal in the basis of SV states. When employing collinear spin-pure
MLWFs, the transformation of H¥ in Eq. (2.2.33) can be conducted separately for states of spin
up/down. This is done by replacing the transforms by their corresponding final collinear transforms
in Eq. (3.2.5), such that 4*U* — 1{°%U°* in Eq. (2.2.33). The resulting interpolated cigenvalues

E‘i’q allow for a spin-resolved interpretation of interpolated band structures.

Calculating eigenvalues on a fine interpolation grid q also provides access to a more accurate DOS.
The DOS is defined as

D(E) = jéq >SS 6B - ). (3.4.1)

and needs no adaptation for the non-collinear case, for the same reasons as above. Interpolated
SV eigenvalues €;q are simply used in Eq. (3.4.1). For the case of collinear spin-pure MLWF's, the
DOS may again be calculated from the two sets of €7, separately. A spin-resolved DOS EU(E)

obtained from eigenenergies on a fine grid {q} is the result.

The previous implementation also allowed for the calculation of band derivatives and effective
masses based on the Wannier interpolation scheme. Using MLWF's, an analytical expression for
band derivatives can be derived, therefore not relying on finite-difference approximations [27].
This is due to the Wannier interpolated Hamiltonian H%*" depending on q only in the Fourier
phase factor (compare Eq. (2.2.31)). As such, effective masses at arbitrary q can be calculated
analytically, based on the Wannier interpolation scheme. It is further possible to retrieve band
extrema by an optimization using the analytical band derivatives. The previous implementation
featured this option, and the calculation of effective masses [38]. No changes for the accommodation
of spinor-valued MLWF's are necessary for calculating these quantities, for the reasons described

above. Again, quantities can be calculated separately for o =1 / | from collinear spin-pure MLWF's.

3.4.2 Band characters and partial densities of states

In the previous implementation, orbital-resolved band characters or partial contributions of certain
[-channels to the density of states can be calculated. To adapt these features to the spin-polarized
MLWFs case, some minor additions are necessary. In the non-spinor case, band characters can be
calculated by expanding original KS orbitals ¥,k (r) in the MTs of atom « into radial functions
and spherical harmonics [34] (which is straightforward in the LAPW-+LO framework). These wave
functions can be interpolated according to the procedure described in Sec. 2.2.7. Comparing the

spherical harmonics expansion of non-spinor KS orbitals on the original grid {k},

l
Yk (r) = Z Z P im k(Ta)Yim(Ta) (3.42)
l

m=—I




3.4 Wannier interpolation 28

with an expansion of spinor orbitals carried out for spinor components o = «, 3 separately as

/l/)nk('f Z Z 9071 im,k Ta }/lm(ra)
m=—1 (3.4.3)

Z djgkn (I‘) (7>a

o=a,B

radial expansion functions ‘P%m,k(ra) ought to carry a spinor component index o compared to
the non-spinor expansion. In the following, the derivation of band characters in terms of MLWF's
from [34] is adapted for the spinor MLWFs case. While closely following the conceptual steps of
this work, the necessary changes for the spinor adaptation are marked in green. The non-spinor
case from [34] is retrieved by removing expressions/their parts in green, or replacing them with

their non-SV equivalent.

Band characters result from considering the partial electron density contribution n,k(r) of state n
at k, in the MT sphere a:

/ drnnk(r):/ dr|z‘”k |2
MTaq MT.

= Z Z Z / d’l"?" |<pn lm, k(TOc)| (344)

o=, m=—1

- Z bnlk

The band character b, represents the contribution of an orbital component [ for a KS electron with
band index n, at reciprocal space point k, in MT « to the total density. Compared to the previous
non-spinor implementation, a sum over spinor components of the radial expansion functions is
introduced. Radial expansion functions gogimk(ra) are easily identified, when expanding spinor-
components of SV KS orbitals wnkﬁ( r) back into the LAPW+LO basis in MTs « via Eq. (3.1.1):

o G+k
ko ( Z Z DGu Z Afmcj Uzga (Tai€la) + Z daar Oty Ommy, DL,, flL (ra)| Yim(ra),
L

:‘szmwk("'a)

(3.4.5)

wherein the sum over LO radial derivative orders £ in Eq. (2.1.20) is compactly expressed by

defining
flL Ta ZaiLulgé T'a,Gla) . (346)
The radial expansion functions ¢35, (ra) are rewritten like

(pz,{;m,k(ra) = Z Bn lm, ,\9,\1(7”a) . (347)
A

The index A counts either LAPW matching orders £ or LO indices L. The radial expansion

coefficients Bg ;:n  depend on A as
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Further in Eq. (3.4.7), g%,(ra) is either an LAPW radial function uf (Ta; €1a) for A =&, or fl(r)
by LAPW+LO eigenvectors CK,
from Eq. (2.1.19). By expressing radial expansion functions in Eq. (3.4.4) using Eq. (3.4.7), band

for A = L. The non-spinor case is retrieved when replacing Dok

RN

characters result as

Ra
b = Z Z Z Bfflfgm nlm ,\//O drr?gfi(ra) g (ra)- (3.4.9)

o=o,fm=—l\\

In this expression, the k-independent radial integrals are to be evaluated once and for all. The
final band characters then result from linear algebra involving the radial expansion coefficients
Bﬁlz(r(; v+ As Wannier interpolated band characters on a grid {q} are of interest, the combined

transformations necessary for interpolating KS wave functions (see Sec. 2.2.7) are applied to the

radial functions ¢, | (7o) on the original grid {k} [34], yielding

T (& ZZ nnZe“*R Ze*’kRZukU“jn/BﬂmAgA(rQ) (3.4.10)

n’ 7

Though this expression for the radial expansion functions is lengthy, it only involves linear algebra

and discrete Fourier transforms, giving easy access to all Crm q( Te) at q.

ako
n,lm,\

to Eq. (3.4.8). After that, the original procedure described in [34] is applied unaltered. The
interpolated coefficients B, %’ | can be extracted from Eq. (3.4.10). With these, the interpolated
band character at q is obtained by Eq. (3.4.9).

In practice, the interpolation of band characters starts by first calculating all B according

Given all ingredients for the calculation of spinor-adapted, interpolated band characters bglq via
spinor-valued MLWFs, the calculation of the partial density of states (PDOS) becomes straight-
forward. The PDOS describes the contributions to the total DOS of each [-channel, from an MT
sphere associated with atom «. The [-channel resolved PDOS Dj*(E) associated to atom « is

defined via [-resolved band characters by

D} (E) Z Z biad(E — €iq) (3.4.11)

and can be calculated spin-polarized using the previous implementation, but with spinor-adapted
band characters as input. Again, when employing collinear spin-pure MLWF's, the extended im-
plementation allows for the calculation of an Il-resolved PDOS and I-resolved band characters

separately in the spin-up/down channel.
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4 Application

4.1 Spin-orbit splitting in GaAs

As a simple test case for the present spinor-adapted Wannier implementation, bulk gallium ar-
senide (GaAs), including SO coupling, is considered. GaAs exhibits a pronounced splitting of
valence bands near the Fermi level around the I' point due to SO effects. It is a useful ma-
terial for comparing the construction of spinor MLWFs to the spin-unpolarized case, since the
band structure away from I' is very similar in both cases. A DFT calculation for a lattice con-
stant of 10.683 ag is performed with exciting employing an LAPW-+LO basis determined by
Ryt min - |G + k|max = 9.0, corresponding to a planewave cut-off of |G|max = 16.0 agl and using a
12 x 12 x 12 Monkhorst—Pack k-grid [9]. Exchange-correlation effects are modeled by the semilocal
generalized-gradient approximation (GGA) PBE functional® [13]. SO coupling is considered, and
a number of NEY = 200 unoccupied states are included in order to converge the mean energy
difference of the valence band splitting due to SO effects and the total energy in terms of the SV

treatment.

14 MLWFs are then generated based on this DFT calculation using the converged FV- and SV-
basis by employing the full disentanglement method. The inner energy window is chosen as
[—8.16,2.72] eV and the outer energy window as [—8.16,13.61]eV (relative to the Fermi level).
The inner window fully encompasses the first two conduction bands and the six highest va-

lence bands. The spread functional is considered minimized when the norm of its gradient G =
VYo [V Q[{U¥}]|]? reaches a value of 1076 a2.

4.1.1 Wannier band interpolation

The GaAs band structure is calculated with DFT, and also Wannier interpolated, in each case
with the same band path sampling, and based on the 12 x 12 x 12 k-grid first-principles DFT
calculation from the previous section. Fig. 4 compares the DFT band structure with the Wannier-
interpolated bands. The interpolated bands are displayed with half-open empty circles. The two
different symbols for Wannier bands allow for the distinction of two (different) spinor-associated
bands, which might be pairwise close in energy, at some point in the BZ. At these points, (i)
the difference in the impact of SO coupling on the respective bands might be small, or (ii) they
might be energy degenerate (up to numerical precision) due to symmetries. In a spin-unpolarized
calculation, such a band pair may be treated as a single spin-degenerate band. In the inner energy
window, the Wannier bands are in excellent agreement with the DFT reference. Outside of the
inner window, the interpolated bands are not expected to reproduce the DFT equivalents exactly,
and band features may be unphysical (compared to the DFT reference). From panel b), it is
evident that the spinor Wannier interpolation accurately captures the SO-splitting of the highest
valence bands. In a spin-unpolarized calculation for GaAs, the three highest valence bands would
be threefold-degenerate at I'. For the calculation considering SO coupling presented here, this
degeneracy is lifted and the highest valence bands split into a j = 3/2 quartet (light- and heavy-
hole bands) and j = 1/2 doublet (split-off bands). Away from T, the 6 highest valence bands and
the first two conduction bands remain almost pairwise degenerate. The Dresselhaus-splitting of
bands due to the bulk inversion asymmetry of the zinc-blende structure is more prominent only
between I' and K. The successful capture of the mentioned effects hints at the robustness of the
Wannier interpolation scheme for the spinor case. This is to be expected, since the interpolation

procedure itself did not need any adaptation for the incorporation of spinor wave functions.

6The GGA PBE functional realizes a non-collinear spin treatment by the “locally collinear approach” [40] (com-
pare Sec. 2.1.9)
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Figure 4: Bulk GaAs band structure obtained from DFT (solid lines) and Wannier in-
terpolation (half-open circles). The blue and orange symbols allow for distinguishing two
different spinor-associated Wannier bands, which are close in energy at some point in the
BZ. Panel a) displays all interpolated Wannier bands. The inner disentanglement window
is indicated by the gray area. Panel b) zooms into the band-gap area (dashed red outline
in panel a). The SO splitting of valence bands at the I' point is correctly reproduced by
Wannier interpolation.

Next, the spin-polarized Wannier interpolation is directly compared to the previous spin-unpolarized
implementation for the example of bulk GaAs. For this purpose, in addition to the spin-polarized
run considering SO effects, MLWFs are calculated from a spin-unpolarized DFT calculation with
the same 12 x 12 x 12 k-sampling. MLWFs are constructed employing the full disentanglement
method, choosing the same energy windows as before, with a similar convergence cut-off of 1076 a2
for the spread-functional minimization. The spin-unpolarized band structure is calculated with

DFT and Wannier-interpolated based on the same first-principles DFT calculation.

In order to compare the accuracy to the previous implementation, the root-mean-square error

(RMSE) per band is calculated with a band path sampling of 600 points q:

1
B = R e ), (4.1.1)
q

where e,\ivq are the Wannier-interpolated energies and eggT are the DFT values. RMSEs are

RMSE per band [meV]
spin-unpolarized spin-polarized
band (band pair) band 1 band 2
1 2.449 2.256 2.222
2 1.328 0.821 1.080
3 1.684 1.892 1.890
4 7.171 7.523 7.244

Table 2: Root-mean-square error (RMSE) of Wannier interpolated band energies compared
to DFT bands in GaAs, for a spin-unpolarized calculation and spin-polarized calculation
including SO coupling. The RMSE for the 3 (6) highest valence bands 1-3 and the lowest
conduction band(s) 4 are shown. All bands are fully contained within the inner disentan-
glement window throughout the BZ.
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calculated only for bands fully contained in the inner energy window throughout the BZ. These
are the 3 (6) highest valence bands and the lowest (lowest 2) conduction bands for the spin-
unpolarized run (spin-polarized run including SO coupling). Tab. 2 compares the RMSE results.
Over both runs, RMSEs are between 0.8 meV and 7.6 meV and as such quite small. In each run,
the RMSE is up ~ 4 (= 9.3) times larger for the conduction band (pair) (4), than for the valence
bands (1-3) in both runs. This behavior is expected for Wannier-interpolated bands at the inner
window edge, when they hybridize with bands from the outer-only window. All RMSE values
of spin-polarized results are of similar magnitude compared to the spin-unpolarized ones. This

further supports the robustness of the Wannier interpolation scheme for the spinor adaptation.

4.1.2 Convergence of the spread functional

While the quality of the Wannier interpolation of bands remains comparable between the previous
and the new extended implementation, there is a noticeable difference in the convergence behavior
of the spread functional during the construction of spin-polarized MLWF's for GaAs. For a reliable
comparison, all calculations have been carried out on the same machine (AMD Ryzen 7 5800H
CPU and 16 Gb of DDR4 RAM) using 8 OMP threads.

For the spin-unpolarized rtun, the minimization of the spread functional Q[{U%}
post-disentanglement converges in 686 iterations (48.3 s run-time). By contrast, the spin-polarized
run requires 16 692 iterations with a total run time of 5187.8 s to reach the same gradient norm
cut-off. The average run-times per iteration, t;; = total run-time/# iterations, are 70.4 ms and
310.8 ms, respectively, differing by a factor of &~ 4.4. This indicates that the scaling of the aver-
age run-time remains roughly quadratic with the size of the unitary mixing matrices UX at each
k (two spinor states for every spin-degenerate spin-unpolarized state). Thus, the spinor nature
of the underlying wave functions has only a small impact on the computational cost of a single

iteration. The total run-time is, however, ~ 106 times larger for the spin-polarized run, since
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Figure 5: Convergence behavior of the Q[{{/XU*}] minimization for bulk GaAs, employing
the full-disentanglement method. Panel a) displays the norm of gradients to the total
spread at different iterations during minimization for the spin-polarized run (orange) and
spin-unpolarized run (black). Panel c¢) displays the gradient norm at the first 1200 iterations
(gray area in a). Panel b) shows (2 — Qumin)/Qmin at different iterations (log scale) for the
spin-polarized and unpolarized run, respectively.
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RMSE per band [meV]
cut-off 107° a3 cut-off 1076 a3
band pair | band 1 band 2 | band 1 band 2
1 2.161 2.159 2.256 2.222
2 0.759 1.183 0.821 1.080
3 1.898 1.740 1.892 1.890
4 7.606 7.383 7.523 7.244

Table 3: RMSE for Wannier band interpolation w.r.t. a DFT reference for spin-polarized
calculations of GaAs using different gradient-norm cut-offs for converging the spread func-
tional Q[{U¥}]. Values are displayed for the 6 highest SO-split valence bands (band pairs
1-3) and the lowest 2 conduction bands (band pair 4).

it takes ~ 24 times more iterations to converge the spread functional to a gradient-norm cut-off
of 1075 a2, compared to the spin-unpolarized run. This considerable increase in run-time and
iterations might necessitate a more efficient optimizer for high-throughput calculations with strict
cut-offs. However, such a strict convergence criterion may not be necessary for achieving a good

energy interpolation accuracy, as will be discussed in the next paragraphs.

In panel a) of Fig. 5, the norm of the spread functional gradient G at different iterations is displayed.
Gradient-norms initially decrease similarly rapidly in both runs, but diverge after ~ 300 iterations
(see panel c¢). The spin-unpolarized gradient continues to decay rapidly until the cut-off is met.
On the other hand, the decrease of the spin-polarized gradient-norm quickly slows down, and it
starts oscillating. The envelope of these oscillations seems to reach a plateau, where the gradient
takes values between just above 107% a3 and 1073 a3 for a large number of iterations. Nonetheless,
the envelope slowly decreases overall, such that the target gradient cut-off is reached after 16 692

iterations, yielding a spread functional value of QlO*Gag = 131.118593 a3.

Relaxing the convergence criterion on the norm of the gradient of 2 allows for reaching the con-
vergence cut-off significantly faster, as can be seen in panels a) and ¢). A cut-off of 5-107%a3 is
first reached after 2859 iterations, while a cut-off of 107° a3 is met after 1040 iterations already.
Choosing the latter yields a spread QlO*5ag = 131.118636 a2, which has an absolute difference of
only Aq = 4.3-107° a3 compared to the spread functional value obtained with the strict cut-off.
At the same time, the increase in run-time for the spread-minimization is reduced to a factor of
~2 6.4, compared to the spin-unpolarized run. Panel b) shows that the relative change of the spread
functional w.r.t. the minimum value at the strict cut-off is below 1076 after only 79 iterations. A
Wannier interpolation with the relaxed cut-off of 1075 a3 yields the interpolation RMSE per band
values displayed in Tab. 3. All RMSEs per band with the relaxed cut-off are essentially identical
to the values for a cut-off of 1076 a2. A lower cut-off might thus be considered sufficient for a
computationally efficient construction of spinor MLWF's, without a sacrifice in energy-interpolation

accuracy, exemplified for GaAs.

4.1.3 Analysis of real-space Hamiltonian

The Wannier interpolation scheme yields accurate interpolated energies only if the real-space
Hamiltonian matrix elements HR = (m0|h|nR)SC decay sufficiently fast with increasingly large
R (compare Sec. 2.2.7). An approximation of the infinite sum over R in Eq. (2.2.31) by a finite
sum over SC lattice vectors R is valid only if this condition is met. To quantitatively compare
this decay between spin-polarized and spin-unpolarized MLWFs, the Frobenius norm of the real
space Hamiltonian ||H®||r is analyzed as a function of the norm of lattice vectors |R/, fitting
a power law to the data. The SC size is fixed by the 12 x 12 x 12 k-sampling during the first-
principles DFT calculation. Fits and data are shown in Fig. 6. While the spin-polarized real-space
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Figure 6: Decay of the real space Hamiltonian matrix, for spin-polarized and spin-
unpolarized MLWFs in GaAs Panel a) shows the Frobenius norm ||(m0 | k| nR)SC||f as a
function of lattice-vector norms |R| on a log-linear scale. Data points correspond to the
spin-polarized (black) and spin-unpolarized (orange) matrix elements. Panel b) displays
power-law fits to the data, with exponents pspin = —3.83 and pro-spin = —4.06.

Hamiltonian decays slightly slower, the overall decay is very similar for both calculations, with the
matrix elements decaying to values below 0.5meV for the largest lattice vectors included. This
value lies below the interpolation RMSEs per band (see previous sections), indicating that the
sum-truncation is not the primary source of interpolation error. The exponents from power-law
fits are also very similar (Pspin = —3.83 VS. Pno-spin = —4.06). Consequently, for bulk GaAs, the
computation of spinor MLWFs does not require an increase in k-point density compared to the

spin-unpolarized case to achieve comparable interpolation accuracies.

4.1.4 Wannier function shape

For further evaluating the spinor MLWF adaptation, iso-surface plots of the non-collinear spinor
MLWFSs’ square modulus for the valence bands in the inner window from spin-polarized and spin-
unpolarized results are compared in Fig. 7. For all plots, a common iso-value is chosen. In the
first case, the six valence states share a spread of 2 ~ 8.704, compared to an equivalent spread of

) = 8.712 for the three valence states in the second case.

The valence states centered on As atoms exhibit p-character. From visual inspection, no differ-
ences in shape are apparent, except for the direction of orbitals (which is somewhat arbitrary but
related by symmetry operations). In GaAs, SO coupling has a strong effect mostly around the T’
point, while at other points throughout the BZ, the band dispersion remains largely unaffected.
Consequently, the differences in the shapes of the WFs introduced through the consideration of
SO coupling are small.
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Figure 7: Square modulus of a MLWF (yellow) corresponding to the 6 (3) highest valence
states for bulk GaAs considering (not considering) SO coupling. As (Ga) atoms are depicted
in green (pink).

4.2 Collinear ferromagnetic FeAl

FeAl is a material exhibiting high resistance to corrosion and to aggressive chemical compounds up
to high temperatures [42]. This material contains two atoms per primitive unit cell and can reach
a ferromagnetic phase in the ideal fully ordered B2 configuration [19]. Therefore, it provides a
simple candidate for testing the construction of collinear spin-pure MLWF's and the corresponding

MLWF-based spin-resolved calculation of quantities.

A DFT calculation is performed with a lattice constant of a = 5.44 ag on an 8 x8x8 Monkhorst—Pack
k-grid, with Rymr,min * |G + K|max = 8.0, corresponding to a planewave cut-off of |G|max = 14.0 aal.
A collinear ferromagnetic phase is realized by including an initial external magnetic field in the
z-direction B, (r) = —4.0 a.u. and gradually switching it off by halving its magnitude in each itera-
tion (compare Sec. 2.1.9). Exchange-correlation effects are modeled by the GGA PBEsol functional
[23]. 40 unoccupied states are included in the FV step for expanding the SV states. The procedure
from Sec. 3.2 is then used to create two sets of spin-pure MLWFs (JT = J¥ = 35) on top of the
first-principles calculation. For each set, the full disentanglement method is employed, choosing an
inner energy window of E'™ = [~12.2,29.9] eV, including a total number of six fully occupied and
a high number of 40 partly occupied or empty bands. The outer window E°" = [—12.2,76.2] eV

includes the highest unoccupied state considered in the first-principles calculation.

4.2.1 Convergence of the spread functional

The spread-functional optimization is again considered converged when the gradient norm reaches
a cut-off of 1076 a2, which is achieved after 6381 (6260) iterations for the spin-up (spin-down)
set. For comparison, J = 35 MLWFs are calculated for the same windows based on an equivalent
spin-unpolarized DFT calculation. In this run, the spread functional is converged to the same
cut-off after 10 575 iterations, which means a factor of & 1.7 more compared to both collinear spin-

polarized calculations. Evidently, a collinear spin-pure MLWF calculation does not require a similar
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Figure 8: Band structure of collinear ferromagnetic FeAl in the B2 structure, comparing
a DFT calculation with Wannier interpolation. Spin-up (Spin-down) bands are displayed
as black (gray) lines. Wannier interpolated spin-up (spin-down) bands are shown as blue
circles (orange squares). The plot range covers the inner energy window (gray area) while
the full outer window is not displayed. Panel a) displays bands at higher energies, while
panel b) shows the region around the Fermi level.

increase in the number of iterations as the non-collinear calculation for GaAs, presumably since
the decoupling of the spin components simplifies the underlying manifold complexity considerably.
Instead, the construction of spin-polarized MLWFs in FeAl exhibits a faster convergence of the
spread functional than the spin-unpolarized run. However, for spin-unpolarized FeAl, the increase
in the number of iterations for reaching convergence is far smaller than the factor of ~ 22 observed
for GaAs including SO coupling. In spin-unpolarized FeAl, the convergence might have been

unfavorable.

4.2.2 Spin-resolved band interpolation

With the two constructed spin-pure sets of MLWFs, a spin-resolved band structure is interpolated
and compared to a DFT reference in Fig. 8, in each case with the same band path sampling, and
based on the first-principles DF'T calculation on a coarse 8 x 8 x 8 k-grid above. Visually, Wannier
bands closely match DFT bands throughout the inner energy window. The spin-splitting of bands
is successfully captured, particularly visible near the Fermi level. The spin-down bands are shifted
up with a different energy at each q, compared to the spin-up bands. At higher energies, the
spin-splitting appears to be less pronounced. For a quantitative evaluation of the interpolation,
the RMSE values per band (Eq. (4.1.1)) are again calculated for both spin channels, with a band
path sampling of 600 points q. Interpolated band energies €7, of band i are only included in the
RMSE calculation when they are inside the inner energy window at . The results are displayed
in Tab. 9. For both spins, bands 1-16 (counting from the lowest valence band in Fig. 8) are
fully contained within E™ throughout the band-path, while higher bands are outside the inner

window at some q. The RMSE values of the former are in the range of ~ 1.3 — 12.1meV and
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Figure 9: RMSE per band for a spin-resolved Wannier band interpolation for collinear
ferromagnetic FeAl, with DFT band energies as a reference. Panel a) shows RMSEs for
Bands fully contained within the inner energy window (1-16). Panel b) shows RMSEs for
Bands outside of the inner window at some points in the BZ (17-23).

thus comparable to the values obtained for GaAs. No substantial difference between the spin-up
and down group is noticeable. The interpolation errors increase towards the edge of the inner
energy window, and bands mostly outside it, quickly exhibit larger RMSE values > 10meV. In
conclusion, for FeAl, the extended spin-polarized Wannier implementation in exciting successfully
provides access to accurate spin-resolved band structures via a Wannier interpolation with collinear
spin-pure MLWFs.

4.2.3 Spin-resolved DOS, PDOS, and band characters from MLWFs

In addition to the band structure, the total DOS, orbital I-channel resolved PDOS (Eq. (3.4.11)),
and orbital I-channel resolved band-characters (Eq. (3.4.9)) are calculated. Each quantity is ob-
tained spin-resolved from the respective set of MLWFs. The PDOS and band characters are
calculated atom-resolved, while the total DOS is calculated over both atoms. For the calculation
of the DOS and PDOS, a dense interpolation grid of 50 x 50 x 50 points q is considered. The corre-
sponding results for the iron and aluminium atoms are displayed in Figs. 10 and 11, respectively.
The total DOS of the two spin channels appears very similar in shape, but with energy shifted with
respect to each other. The flat iron-derived bands in the range of £5 eV around the Fermi level
exhibit strong d-orbital character in both spin channels and provide the by far largest contribution
to the total DOS in this range. An asymmetry between the up and down contributions is visible.
Going to higher energies, the d-channels become less dominant, such that contributions from p- and
f-states are noticeable in the PDOS and the band-character plots. At higher energies, these empty
bands contain equal contributions from Al d- and p-states compared to Fe. The different orbital
contributions from MTs associated with Al atoms also exhibit some spin asymmetry, noticeably
around the Fermi level. d- and p-channels dominate throughout the whole energy window in the
aluminium PDOS, but rarely exceed the iron contributions. The lowest valence bands within the
considered energy window show a parabolic dispersion around the I' point, being dominated by
s-orbital character from both atomic species for both spin channels. We conclude that for the
collinear ferromagnetic configuration, spin-pure Wannier interpolation proves a useful tool for the

spin-resolved analysis of band characters and densities of states.
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Figure 10: Band-structure of collinear ferromagnetic FeAl (middle panels). The Il-resolved
band character for the Fe atom, obtained from Wannier interpolation for spin-up (down)
electrons is shown by circles (squares), which is proportional to the marker’s size. Colors
encode orbital I-channels. Corresponding total DOS (over both atoms) and I-resolved
PDOS (a, ¢) for the spin-down and up directions, respectively. The PDOS is shown for
the Fe atom contribution. The top panels present the high energy range, while the lower
panels magnify the area around the Fermi level.
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Figure 11: Same as Fig. 10 but for the Al atom.
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Figure 12: Collinear ferromagnetic FeAl: d-character spin 1// MLWF square modulus
(yellow). Al (Fe) atoms are displayed in blue (brown).

4.2.4 Wannier function shape

In order to further compare the two spin channels, iso-plots of the spin-pure MLWFs are generated.
In Fig. 12, the d-manifold states with energies around the Fermi level and centered on iron atoms
are shown, with a common iso-value choice. These 5 MLWFs per spin channel all share a common
spread of Q = 1.0 (rounded to 1 decimal), which is the lowest in each respective spin group, in
accordance with the narrowness of d-bands (compare Fig. 10). In each spin channel, the complete

un-hybridized d-manifold is found, with no visual difference between spin-up/down MLWFs.

4.3 Model CsPbl-based halide perovskite

Halide perovskites (HaP), particularly hybrid organic-inorganic candidates, have attracted research
interest as they are a cost-efficient option for high-performance photovoltaic applications [32]. 2D
HaPs are more stable compared to their 3D counterparts [29]. As HaPs contain heavy elements,
e.g., [ and Pb, their electronic structure is strongly impacted by SO coupling. There is significant
structural diversity in HaPs, and many of them also lack inversion symmetry [39]. When both
broken inversion symmetry and strong SO coupling are present, Rashba and/or Dresselhaus effects
[5, 10] induce a pronounced SO splitting around the band gap. The Dresselhaus effect is associated
with bulk inversion asymmetry, while the Rashba effect is related to structure inversion asymmetry.
A recent publication [39] studied the origin of Rashba and Dresselhaus effects in model 2D and 3D
HaPs composed of Cs, Pb, and I. For modeling a lattice distortion, the Pb atoms were displaced
in different directions in order to break the inversion symmetry of the crystal. The strength of the
Rashba/Dresselhaus-induced spin-splitting at the band gap is analyzed at different displacements
of the Pb atoms [39]. In this work, it shall be demonstrated that spinor MLWFs are a useful
tool in the analysis of band structures and spin-splitting energies for materials affected by Rashba
and/or Dresselhaus effects. As a model system with few atoms per unit cell, bulk CsPbls with a

Pb displacement is considered.

The structure is set up with a primitive cubic lattice and a lattice constant of a = 11.91aq as
described in [39]. Subsequently, the Pb atom is displaced in the diagonal in-plane direction [110],
w.r.t. to the Pb-I bonds, breaking both bulk- and structure-inversion symmetry. For inducing
a significant Rashba/Dresselhaus-splitting, a displacement of 0.43A = 0.81ag is chosen. A DFT
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calculation is performed on a 7 x 7 x 7 Monkhorst—Pack k-grid, using Ryt min - |G + K|max = 9.0,
corresponding to a planewave cut-off of |G|max = 16.0ag L Exchange-correlation effects are con-
sidered by the GGA PBEsol functional [23]. 1000 unoccupied states are included for the SV
expansion. The calculation serves as a proof of concept and is thus not fully converged in the

number of unoccupied states, w.r.t. the spin-splitting at the band gap.

Based on this calculation, spinor MLWF's are generated via the full disentanglement method with
energy windows E'™ = [—5.44,5.44]eV, E°" = [-5.44,13.61]eV relative to the Fermi level. A
gradient norm cut-off of 1076 a2 is used as convergence criterion for the spread-functional mini-
mization, which is achieved after 11 803 iterations. This supports the claim that a spinor character

of Bloch states has a large impact on the convergence behavior when constructing spinor MLWF's.

4.3.1 Wannier band interpolation

The resulting spinor MLWFs are used to interpolate the band structure shown in Fig. 13, and
compared to a DFT reference in panel b), in each case based on the first-principles DFT calculation
on a coarse 7 x 7 x 7 k-grid above. The Rashba/Dresselhaus splitting of the lowest conduction
bands is visible as shifted parabolas at the points A and A; = T. From panel b), it is apparent
that the Wannier interpolated bands are in excellent agreement with the DFT reference, again. For
this material, the DFT calculation of the band structure becomes expensive, as many LAPW+LO
basis functions are considered (523 for GaAs vs. 1399 for CsPblz) and the FV basis for the
SV step includes a considerable number of empty states (200 for GaAs vs. 1000 for CsPbls).
MLWFs provide an efficient interpolation procedure in this case. Consequently, for this example,
the band path sampling has been chosen much finer for the Wannier interpolation than for the
DFT reference. For this reason, the Wannier functions are drawn as lines, and the DFT reference

as gray circles.
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Figure 13: a) Wannier-interpolated band structure (orange) for bulk CsPbls with displaced
Pb considering SO coupling. Panel b) magnifies the area around the A-point (gray rectangle
in panel a) and additionally displays DFT bands with a less dense band-path sampling (gray
circles) for comparison.
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4.3.2 Rashba/Dresselhaus spin-splitting and effective mass

MLWFs are a useful tool for determining the conduction band spin-splitting at the band gap. This
splitting is defined at the conduction band minimum (CBm) location qcpy, in reciprocal space as

AEcBm = €CBm+1 — €CBm - (4.3.1)

Since the Rashba/Dresselhaus effects shift the conduction band minimum not only in energy but
also in reciprocal space, the band gap is indirect. With the Wannier interpolation scheme, an
analytical expression for band derivatives is available, and it is thus possible to retrieve the exact
position of band extrema (see Sec. 3.4). This option was already implemented in the previous
Wannier code [38]. Applying it to the CsPbls spinor MLWFs, the CBm is obtained at qcgm =
(0.264, —0.264, —0.248) ag ', which is close to the A; = T point, along the high symmetry path
segment Y/X; — A;/T. At the CBm, a spin-splitting of AE‘I;/ICIEVXF = 149.6 meV results. The
spin-splitting energy is also calculated by simply finding the CBm along a band path sampling
of 600 points q. This way, a spin-splitting of AEqu%hm = 140.2meV is obtained. The spin-
splitting energy obtained by both methods is in agreement with each other, within the magnitude
of interpolation RMSEs obtained in the previous applications. This implies that the CBm can be
captured along high-symmetry directions for CsPbls with displaced Pb. However, the optimization
method employing analytical MLWF-based band derivatives does not rely on capturing the CBm
along the band-path sampling. It might therefore prove superior when Rashba/Dresselhaus effects
shift the CBm location away from high-symmetry directions [38].

At the retrieved CBm, the conduction band effective mass tensor can be calculated with MLWEF-
based analytical band derivatives (see Sec. 3.4), yielding

0878 0  —0.0112
mip,=| 0 0138 0 mo . (4.3.2)
00112 0 0.107

This effective mass tensor is dominated by diagonal terms. The off-diagonal components are
< 2 orders of magnitude smaller. On the diagonal, the x-direction exhibits a high effective elec-
tron mass (mg, = 0.878mg) and thus a flat band dispersion, while the other two directions
(myy = 0.138mg, m, = 0.107myg), show a similarly strong (though not equal) dispersion. Conse-
quently, the electron transport becomes essentially 2-dimensional along the plane spanned by the

two light-mass directions.
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5 Discussion and outlook

This work has extended an existing implementation of Wannier functions in the full-potential
LAPW+LO code exciting with respect to the spin degrees of freedom. With the extended
implementation, MLWFs can be constructed either from collinear spin-pure or non-collinear spinor
Bloch states. This work implemented the necessary changes that enable computationally cheap
access to band structures, DOS, PDOS, and band characters with fine reciprocal space samplings, in
terms of these spin-polarized MLWFs. In the collinear case, quantities can optionally be calculated

spin-resolved with the spin-polarized Wannier implementation.

It could be shown for GaAs including SO coupling and collinear ferromagnetic FeAl, that eigenen-
ergies can be Wannier-interpolated up to high accuracies of a few meV, with similar interpolation
errors as with spin-unpolarized MLWFs. A band structure, DOS, and further the I-channel resolved
PDOS and band-characters with fine reciprocal space samplings have successfully been calculated

in collinear ferromagnetic FeAl, in each case spin-resolved.

When constructing spinor MLWF's for GaAs including SO coupling, the compute time per spread
functional minimization iteration scaled with a factor of ~ 4.4, which is slightly higher than the
expected increase of 4 from the doubling of problem size alone (O(n?)). On the other hand, a
considerably higher number of iterations (= 24 fold increase) is required in order to reach the
same strict gradient-norm cut-off of 1076 a3, compared to the construction of spin-unpolarized
MLWFs. A similar total number of iterations is required when constructing spinor MLWF's in
bulk CsPbls including SO coupling. The number of iterations remains comparable between the
spin-polarized and spin-unpolarized runs for FeAl. However, in GaAs including SO coupling, a
slightly relaxed cut-off of 107° a2 gives the same accuracy for the interpolation of band energies.
This reduces the increase in necessary iterations to a factor of ~ 1.5, compared to the spin-
unpolarized case. The vicinity of the global minimum is still reached quickly, as the relative
change of the spread functional w.r.t. the strict cut-off minimum value is below 106 after only
79 iterations. This indicates a flat manifold structure around the global minimum. Regarding
the construction of spinor MLWFs, a systematic investigation of the (Marzari-Vanderbilt) spread

functional convergence may be interesting.

A Wannier interpolation can only be accurate for a given SC size, if the real-space Hamiltonian
matrix elements H® expressed in MLWFs have decayed sufficiently for the largest lattice vectors
R inside the SC. The SC size is fixed by the k-grid sampling employed during the initial DFT
calculation. For GaAs including SO coupling, these Hamiltonian matrix elements exhibit a slightly
slower but otherwise similar decay with |R|, compared to the spin-unpolarized case. A power-law
fit to this decay yields exponents pspin = —3.83 and ppo-spin = —4.06. Consequently, for the con-
struction of spin-polarized MLWF's in GaAs, similar initial DFT k-grid densities may be considered

compared to the spin-unpolarized case, for achieving a comparable Wannier interpolation accuracy.

Spinor MLWF's prove a particularly useful tool for analyzing materials without inversion symmetry
and strong with SO coupling. In such materials, the band extrema may be shifted away from
high-symmetry directions and/or high-symmetry points due to Rashba/Dresselhaus effects. By
employing spinor-MLWF-based analytical band derivatives, the CBm could reliably be found in
bulk CsPblz with displaced Pb atoms. Also, the effective mass tensor can easily be computed

analytically at arbitrary points in reciprocal space, using the same MLWF-based band derivatives.

In the future, spin-polarized MLWFs constructed with the spinor-adapted Wannier implemen-
tation in exciting may be used to calculate physical effects and quantities that either require

a spin-polarized treatment or change qualitatively when a spin-polarized treatment is employed.
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Some of these calculations require a dense sampling in reciprocal space, whereas others involve
expressions that are conveniently formulated in terms of WFs. For example, the spin-operator
expectation value (§) (called spin texture [30]) could be Wannier interpolated onto arbitrary q,
potentially offering detailed insights on, e.g., the composition of Rashba/Dresselhaus effects in
halide perovskites. The Wannier code wannier90 [37] supplies an option for this calculation. The
joint density of states offers insights into the availability of electronic transitions and observes
different features when the electron spin is explicitly considered. Like the DOS and PDOS; it can
be calculated from fine grids using Wannier functions. Further, the anomalous Hall conductivity
[21] or spin Hall conductivity [33] can be expressed by the Berry curvature and Berry connection,
which in turn have convenient expressions in terms of WFs [27]. Spinor MLWF's have previously
also been used for calculating the orbital magnetization of periodic insulators [20]. By employing a
spin-resolved analysis based on collinear spin-pure MLWFs, the mechanisms of ferroelectric effects
have been investigated in multiferroic perovskites in the past [24]. They were further a useful tool
for investigating the different insulating magnetic behavior of LasBasCus019 and Nd4BasCusOqg
in [18].

As an alternative disentanglement procedure for the construction of spin-polarized MLWF's, a SMV
disentanglement with a consecutive S, matrix diagonalization in the disentangled subspace was
conducted in [21]. Wang et al. applied this disentanglement to ferromagnetic iron including SO
coupling. They obtained a set of “almost spin-pure” MLWFs, even though the Bloch states are
technically non-collinear spinors in this case. In the future, this method could allow a quasi-spin-
resolved MLWF-based analysis of materials exhibiting very weak SO coupling. The same method
could be applied to the construction of (almost) spin-pure MLWF's from exactly spin-pure collinear
Bloch states. It might find a lower overall €27 than the fully separate energy disentanglement in the
spin-up/-down subspace implemented in this work. In this case, a higher Wannier interpolation

accuracy may be achieved when starting from lower first-principles k-grid densities.

Within the scope of this work, spin-polarized MLWFs were constructed from Bloch states that
result from a SV calculation in the DFT framework. For many materials, the SV Bloch states
need to be expanded with a large number of FV states to obtain converged calculations. In [41],
a more computationally efficient extension of the SV method was suggested, adding a number
LOs explicitly to the basis for the SV step, in combination with a lower required number of FV
states compared to the conventional SV method. With this second variation with local orbitals
(SVLO) approach, which is also implemented in exciting, the flexibility of the basis is increased,
particularly close to atom sites where SO coupling has a strong influence. Therefore, the basis size
can be decreased, in addition to significantly lowering the computational cost for DFT calculations
including SO coupling [41]. The spin-polarized Wannier implementation featured by this work
would require minimal changes for the explicit incorporation of LOs into the SV step basis, for
constructing spin-polarized MLWFs on top of a SVLO DFT calculation. The SV LO coefficients
could easily be added to the SV to (FV) LAPW+LO basis expansion coefficients D%, Such an
incorporation would, however, require an extension of the spin-polarized automated MLWF initial

guess construction, which was not covered within this work.
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List of Abbreviations

BZ first Brillouin zone

BvK Born-von-Kérman

CBm Conduction band minimum

DFT Density-functional theory

DOS Density of states

FV First variation

HaP Halide perovskites

HK Hohenberg-Kohn

IR Interstitial region

LAPW Linearized augmented planewave

LO Local orbital

LAPW+LO Linearized augmented planewave + local orbital

MLWF Maximally localized Wannier function

MT Muffin tin (region)

PDOS Partial density of states

PW planewave (matrix)

SC (BvK) Supercell

SCF Self-consistent-field (cycle)

SMV Souza Marzari Vanderbilt (disentanglement)

SO Spin-orbit

SR Scalar-relativistic

SV Second variation

SVLO Second variation with local orbitals

TB Tight-binding

WF Wannier function

ZORA Zeroth-order regular approximation (to the Dirac Hamiltonian)
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