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Abstract

Recent results on magnetic and spectroscopic properties of transition metals, alloys and their
surfaces, which were obtained by the LSDA+DMFT approach will be reviewed in this article.
We exploit the various advantageous features offered by a LSDA+DMFT implementation on
the basis of the KKR band structure method. This fully self consistent approach, with respect
to charge and self-energy, allows to investigate in a most realistic way the impact of correlation
effects in ordered as well as disordered systems. For the latter case the coherent potential
approximation (CPA) is exploited. The fully-relativistic formulation implemented for space
filling potentials gives the opportunity to study various ground state properties as for example
orbital magnetic moments or total energies. Experimentally, the most detailed information on
the electronic properties of correlated materials can be accessed by means of angle-resolved
photoemission and inverse photoemission. In several earlier studies the measured spectra were
described either within a single-particle approach based on the local spin density approximation,
including matrix-element- and surface effects within so called one-step model or by sophisticated
many-body approaches neglecting these effects. Here, we demonstrate that the combination
of the one-step model with the LSDA+DMFT gives a detailed insight and the most stringent
comparison between theory and corresponding experimental data.

1 Introduction

Density functional theory (DFT) is the state of the art technique for calculating the electronic and
magnetic properties of a wide spectrum of systems ranging from atoms and molecules to surfaces
and solids [1]. Its successes in treating the many-body problem is mainly due to the virtues of the
local spin density approximation (LSDA) [2—4]. However, in spite of numerous impressive success
it faces serious difficulties for strongly correlated materials such as Mott insulators, heavy fermion
systems, high-temperature superconductors and many others. Nowadays, there exist various ways
to improve the rather simple but successful LSDA. One way is to stay within the DFT formalism
and to develop improved exchange correlation functionals like, for example, generalized gradient
approximation (GGA) based functionals [5], orbital dependent functionals based on the optimized
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potential (OEP) method [?, 7] or self-interaction correction (SIC) [8] derived functionals. In order
to determine excitation spectra quantitatively, time dependent DFT has been developed, but in
practice the exchange-correlation kernel based on LSDA is still of limiting applicability.

To include many-body effects beyond LSDA and to describe different types of excitations, vari-
ous many-body techniques have been developed. One of the most successful approaches is the
dynamical mean field theory (DMFT) [9] that was introduced about 20 years ago. Within this
approach more or less all local correlation effects like the Mott insulating state or quasiparticle
excitations have been successfully described. The only approximation made within the DMFT in
its standard formulation is the neglect of non-local, spatial correlations. In practice the DMFT has
been primarily applied to solve various model Hamiltonians with limiting applicability to the real

materials.

To go beyond the level of a model-like treatment and to investigate real materials with strong
correlation effects a combination of DFT based methods supplemented by many-body theories
have been suggested. In practice this leads to a complex, energy-dependent and non-local self-
energy which has to be combined coherently into the existing DFT based methods by means
of the Dyson equation for the Green's function. As a consequence, this combination allows for
a realistic description of one-particle excitations in correlated systems. As an example, let us
mention the GW-approximation [10] well suited for the case of insulators and semiconductors.
Another approach is to consider Hubbard-type models where Coulomb-type interaction terms are
included explicitly, which are assumed to be treated insufficiently within LSDA. Already the simplest
Hartree-Fock like realization of such an approach called LSDA+U [11] scheme allows one to improve
considerably the description of strongly correlated materials. Later on more advanced methods that
represent correlation effects in terms of a complex and energy-dependent self-energy have been
proposed. For example, the so called 3-body scattering method (3BS) [12] has been developed,
which in principle is very well suited for the description of photoemission. Without any doubts,
nowadays, the most successful approach consists in a combination of DFT with DMFT, the so called
LSDA+DMFT method, that was developed during the last ten years or so (for reviews see [13,14]).
In spite of impressive progress in the development and application of the LSDA+DMFT method
this framework has still to be improved. Recently Albers et al. [15] critically reviewed various issues
connected with the LSDA+DMFT. In particular, to turn the LSDA+DMFT into a method with
predictive power for strongly correlated materials * various important problems have to be solved,
for example a fully self consistent coherent interface between LSDA and DMFT, reliable calculations
of the Coulomb parameter U, the choice of the correlated orbitals, reliable DMFT impurity solvers
applicable to a wide range of systems. In addition, a comparison to various spectroscopic properties
is an important tool to check the achievements of theoretical developments. Concerning this,
however, often only the pure spectral function is compared with experiment ignoring spectroscopic
specific issues like e.g. matrix elements.

The aim of this contribution is to review the various advantageous features of the LSDA+DMFT
implementation within the multiple scattering Korringa-Kohn-Rostoker (KKR) method [16]. This

1This words have been borrowed from the title of new collaborative Research Unit FOR1346 (funded by German
DFG). The main general objective is to ultimately create a new standard of computational electronic structure
schemes beyond LDA on a level which is suitable to predict and compute the properties of complex, correlated
materials.
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approach has been developed because the KKR method [17] represents the electronic structure
by the corresponding single-particle Green's function leading to a number of attractive features of
this scheme. In particular, several of the above mentioned questions could be addressed within the
present approach. In Sec. 2 a combination of the LSDA+DMFT with the KKR band structure
method is discussed. Various calculations of ground state properties are shown in Sec. 3.1.1. The
second part of this review is devoted to the calculation of angle-resolved photoemission within
so called one-step model including in particular more or less all relevant spectroscopy issues like,
e.g. matrix elements and surface effects. Recent technical developments allow to perform calcula-
tions for ordered as well as of chemically disordered systems including electronic correlation effects.
This topic is presented in Secs. 2.2.4 and 3.2.2.

2 Theory

In the late 1980s the dynamical mean field theory (DMFT) became a very important concept when
dealing with many body Hubbard Hamiltonians for solids. Within the DMFT the infinite interacting
many body lattice problem is mapped onto a single quantum impurity exposed to a mean field given
by an effective bath. This central concept of the standard DMFT becomes exact in the limit of high
lattice coordination number [18]. As a consequence of the DMFT equations for the on-site complex
energy dependent self-energy and fully interacting Green's function these has to be calculated
self consistently. Within this approach, even when dealing with a model Hubbard Hamiltonian,
a lot of insight for example into the Mott-Hubbard transition has been obtained [9]. However,
it has also been realized that in order to calculate the electronic structure properties of realistic
materials the combination of the LSDA with the DMFT is desirable. First successful steps in this
direction had been done by Anisimov et al. [19] and Katsnelson et al. [20]. In the LSDA+DMFT
the local one particle Green's function needed as an input to the DMFT self consistent cycle
is obtained from the LSDA method. Up to now most of the LSDA+DMFT implementations
(see for example reviews [13, 14] and references given there) have been performed using only
DMFT self consistency. This means the LSDA charge density and consequently the effective LSDA
potential has been fixed. Therefore, one neglects the impact of correlation effects on the charge
distribution. Until now only few completely self consistent schemes, e.g. with respect to charge
density and self-energy, have been proposed and implemented. To underline the importance of the
complete LSDA+DMFT self consistency we mention the problem of phase diagram calculations and
localization in f-electron systems [21,22], the description of non-quasiparticle states in the Heusler
alloys [23] and the problem to describe angle-integrated [24] and angle-resolved photoemission of
3d-ferromagnets [25]. The first fully self consistent implementations of the LSDA+DMFT have
been done on the basis of the linear muffin tin orbital method (LMTQO) [21], followed by the
EMTO method [26]. One of the first self consistent schemes based on a full potential scheme
has been proposed by Minar et al. [16] for the KKR Green's function method. Most of the
work done by the LSDA+DMFT method deals with electronic and magnetic properties of strongly
correlated materials. However, correlation effects are also often of crucial importance to describe
the cohesive energy, the equilibrium lattice constant and the bulk modulus as demonstrated for
the case of plutonium [22,27] and cerium [28]. After these first experiences, the need for more
systematic implementations and investigations on numerical problems of LSDA-+DMFT emerged.
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A very detailed study of the effects of self- consistency on the total energy has been presented by
Pourovskii et al. [29]. In spite of various numerical problems, recently, the huge potential of the
LSDA+DMFT method concerning total energies has been demonstrated. For example, the collapse
of the magnetic moment of MnO [30], equilibrium volume and bulk modulus of Ni and Mn [31]
or correlation driven structural properties of complex materials like KCuF3 and LaMnOg [32] had
been discussed.

In this section we briefly review a full potential KKR implementation of the DMFT theory. We will
discuss the various advantages of this approach like, for example, fully self-consistency, the total
energy problem and the combination of the LSDA4+DMFT with the coherent potential approxima-
tion and its fully relativistic extension. In addition, the combination of the DMFT with the one
step model of photoemission allows for a direct comparison to the angle-resolved photoemission of
ordered as well as of disordered systems including matrix elements, final state and surface effects.

2.1 Formulation of the problem

All standard approaches for a realistic electronic structure calculation of strongly correlated mate-
rials start from a choice of the set of orbitals that are not accurately described enough within the
standard DFT LSDA method. We call them “correlated orbitals” and indicate them with ¢7*(7),
where n specifies the Bravais lattice site and the 7 is an index that enumerates the orbitals within
the unit cell of the crystal. The choice of “correlated orbitals” is dictated by physical motivations
for the problem under consideration and always implies some degree of arbitrariness. Usually the
correlated orbitals are derived from d or f atomic states and the index ¢ stands for the atomic
quantum numbers I, m, o. Natural choices can be the Linear Muffin-Tin Orbitals [22] or the
Wannier functions [33, 34] or downfolded orbitals constructed via NMTO approach [35].

After having decided for the set of “correlated orbitals”, we correct the standard DFT LSDA
Hamiltonian with an additional Hubbard interaction term [13] that explicitly accounts for the local
Coulomb repulsion for the orbitals in the set:

H =Hpspa+ Hy — Hpe - (1)

Here Hyspa stands for the ordinary LSDA Hamiltonian, Hy; describes the additional effective
electron-electron interaction and the one-particle Hamiltonian Hpc serves to eliminate double
counting of the interactions already accounted for by Hrspa. Hpc used in our implementation
for transition metals and compounds will be discussed later in Sec. 2.2. Similar to the LSDA+U
method [11], this many-body Hamiltonian is specified by a number of parameters representing
Coulomb matrix elements. Among these parameters the Hubbard U that represents the screened
on-site Coulomb interaction is the most important one. Accordingly, several schemes have been
suggested in the literature to determine U from LSDA calculations [14,36]. However, in this work
we use it as a parameter. The resulting many-particle Hamiltonian can not be diagonalized exactly,
thus various methods were developed in the past to find an approximate solution [9]. Among them
one of the most promising approaches is to deal with Eq. (1) within the DMFT.

The main idea of DMFT is to map a periodic many-body problem onto an effective single-impurity
problem that has to be solved self consistently. For this purpose one describes the electronic
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properties of the system in terms of the one particle Green's function G(E) being the solution of

the equation:

[E— Hpspa—X(E)G =1, (2)

where E is the complex energy and the effective self-energy operator 3 is assumed to be a single-site
quantity for site n:

N(E) = Z |Pni) Xij (E)(dnj| - (3)

Within DMFT, the self-energy matrix ¥;;(£) is a solution of the many-body problem of an impurity
placed in an effective medium. This medium is described by the so called bath Green’s function

matrix G defined as:
G HE)=G ' (E)+X(E), (4)

with the underline indicating matrices with respect to orbital index 7. The Green's function matrix
Gi;(E) is calculated as a projection of G(E) onto the impurity site:

Gij(B) = ($7|G(B)|g}) - (5)

Because the self-energy X;;(E) depends on the bath Green's function G;;(E) the DMFT equations
have to be solved self consistently. From a technical point of view the problem can be split into two
parts. One is dealing with the solution of Eq. (2) and the second one is the effective many-body
problem to find the self-energy 3;;(E) according to Eq. (4). Within the present work, the first
task is solved by the KKR band structure method, as described below in Sec. 2.2. The choice and
details of solving the many-body effective impurity problem, often referred to as DMFT-solver, can
be found in various LSDA+DMFT reviews for example [13, 14].

2.2 Multiple scattering implementation of the LSDA+DMFT method

In the following section we shortly review a fully self consistent (with respect to charge density
and self-energy) LSDA+DMFT implementation within the full potential fully relativistic multiple
scattering Korringa Kohn Rostoker (KKR) method [16]. This approach was motivated because the
KKR method represents the electronic structure by the corresponding single-particle Green's func-
tion leading therefore to a number of very attractive features of the scheme that are exploited in the
subsequent work 2. This allows to combine the KKR method with the DMFT straightforwardly. In
addition, an outstanding feature of the KKR method is the possible use of the Dyson equation which
relates the Green’s function of a perturbed system with the Green’s function of the corresponding
unperturbed reference system. Using the Dyson equation allows to calculate various properties of
low dimensional systems like e.g. semi infinite 2D-surfaces, nano-structures or embedded 3D- or
2D- systems. In addition, the KKR Green's function method allows to deal with substitutional
disordered alloys in the framework of the coherent potential approximation (CPA) [37].

2For a recent review where various advantages of the KKR method are listed see U}, highlight of the month [17]
and references therein.
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The idea of the LSDA+DMFT approach presented here is to account for the general non-local,
site-diagonal, complex and energy-dependent self-energy SPMFT into the KKR method already
when calculating the basis functions, i.e. when solving the single site Schrodinger (or Dirac) equa-
tion. This allows directly to exploit all features of the KKR Green's function method within
LSDA+DMFT calculations and consequently allows to quantitatively account for correlation ef-
fects.

As already mentioned, there are various approaches available to combine the LSDA with the DMFT
method [13,14]. In most implementations as a first step the corresponding LSDA problem is solved
variationally using a given basis set (e.g. LMTO). The corresponding local Green's function is
determined by the spectral representation of the Kohn-Sham Hamiltonian. The resulting local self-
energy SPMFT and local Green's function can be in turn used to calculate a new charge density and
an effective LSDA potential. However, in order to combine coherently the LSDA with the DMFT
method (in the spirit of spectral density functional theory [22]) one needs to solve self consistently

the following Dyson equation:

G 7' E NGEaN?
/d3 ///d3 /// —’ —’ E) [‘/CH‘(F//)(S(F”_ —-‘///)_i_E(—-‘// /1 E)] G(—»/// =/ E) (6)

where Go(7, 7", E) is the free electron Green's function. The potential Vispa(7) denotes the
(effective) potential (in the relativistic spin DFT defined as Veg (7) = [Veg(7) + BoBeg(7)] where
Ve (7) denotes the spin-independent potential, and Beg(7) is the magnetic field [38]). 3 and «
used below are standard Dirac matrices with the latter one given by oy = 0, ® o} (k = z,y, 2) in
terms of the 2 x 2 Pauli-matrices oy..

A very efficient way to solve Eq. (6) is offered by the multiple scattering KKR method. Having
decomposed the system into atomic regions (Wigner-Seitz-cells) and considering that SPMFT s an
on-site quantity the equation can be solved using the standard KKR formalism. This implies that
first one must solve the so-called single site scattering problem to obtain the single site ¢-matrix
and the corresponding scattering wave function W (7). In the relativistic spin density functional
theory [1,39] the corresponding single site Dirac equation reads:

?ﬂﬁ + Bme? + Ve (F) + / Br'S(F, F’,E)] V() = EV(F). (7)

Here, the W(7) are four-component spinor functions with corresponding energies E. To be able to
solve Eq. (7) one makes the following ansatz for the wave function ¥ = >~ , W, with the combined
relativistic quantum number A = (k, ). In addition, in the spirit of the DMFT X(7, 7/, E) one
has to project onto the localized set of orbitals ¢} (7). The corresponding matrix ¥ /(E) is
obtained as an output of the DMFT solver. In practice, X/ (E) is used only for correlated d-
or f- orbitals (see above). It is worth to note that even in the case of the spherical muffin-tin or
atomic sphere approximation to the potential, full-potential like coupled Eqs. (7) have to be solved.
This implies that the full-potential version of the KKR has to be used. After having solved the
set of coupled equations for the wave functions one gets the corresponding single site ¢ matrix by
standard matching to the Hankel and Bessel functions as free electron solutions. When solving the
single-site problem, obviously the entire complexity of the underlying complex non-local potential
within LSDA+DMFT is accounted for. Accordingly, the resulting regular and irregular scattering
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wave functions Zj (7, E) and Jx(7, E) as well as the corresponding single-site t-matrix carry all
information on the underlying LSDA+DMFT Hamiltonian. This means that in contrast to other
LSDA+DMFT implementations, the effect of the self-energy is also reflected in the wave functions
W. This becomes important, for example, in a total energy calculation and for the photoemission
matrix elements (see Sec. 2.2.4).

With the single-site t matrix available the next step of the KKR calculation is to solve the multiple
scattering problem. This task can be done by using the scattering path operator 7 [17] and it is
independent from the DMFT. For a finite system this can be done straight forwardly by inverting the
so called KKR-matrix, 7(E) = [t(E)~" — G (E)]~" with the double underline indicating matrices
with respect to site and spin-angular (A) character. Dealing with a three-dimensional periodic
system this equation can also be solved exactly by Fourier transformation. As a result the retarded
site diagonal Green’s function G(7,7’, E') can be written as [37,40]:

G 7' E) = ZZA(F,E)TX”}\,(E)ZK,(F’,E)

AN
— Y AZ\(F B) IS E)O (' — )
A
+ JA(FvE)ZK(F/vE)Q(F_F/)}7 (8)

—

where 7 (7') lies in the atomic cell n representing cell-centered coordinates and x indicates a
so-called left-hand side solution [41]. With the Green'’s function G(7, 7', E)) available all properties
of interest as e.g. , the charge density, can be calculated straight forwardly and in this way the
calculated Green's function G includes all effects of the self-energy LPMFT  The definition of
the Green's function and the expressions given above are not restricted to real energies E but
also holds for arbitrary complex energies z. The fact that G(7,7’, E) is analytical [42] allows, in
particular, to perform the energy integration for the charge density on a contour in the complex
energy plane [43,44] with typically around 30 energy mesh points. On the other hand the self-energy
YPMFET i often calculated for a mesh of Matsubara frequencies. This implies that it is necessary
to use analytical continuation techniques to transform LPMFT from Matsubara frequencies w onto

YLPMFET is not Hermitian

the KKR complex energy contour. It is worth to note that in general
and for low symmetry systems one has to consider right and left handed solutions of (7) when

constructing the Green's function G(7, 7', E) [41].

In order to construct the bath Green's function needed as the input of the DMFT solver, the
localized Green's function is calculated by projecting the total Green’s function onto the correlated

—\ |

atomic site. This is done by projecting G(7,7’, E) with a localized set of orbitals ¢ (7)

Gan (E) = / & / & ' Sa(G(F, 7, B)on (7). (9)

The multiple scattering formalism provides the natural choice of the projectors ¢, () which are the
regular single-site solutions of the Kohn-Sham-Dirac equations. For transition metal systems only
the d-d sub-block of the G™"(FE) is considered with ¢, (7) wave functions with I = 2. In principle
the choice of the ¢, (7) is arbitrary as long as ¢, (7) is a complete set of functions. This implies
that a localized basis set is calculated at a given reference energy E,.f (set to be the center of

gravity of the occupied d- or f-band) with the magnetic field set to zero in the relativistic case. In
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single-site problem: tAa-(2)
multiple scattering: Taas (2)

DMFT
G (FLEX)

KKR-Green’s function: G(7, ¥/, z) KKR

charge p(F)  G-matrix Gaa/ (w)

ﬁ DMET—solver

EF

Figure 1: Left: Schematic overview of the KKR+DMFT scheme. Right: lllustration of the energy
paths involved. The blue semicircle is the complex energy path used by KKR to calculate the

charge density. After the bath Green's function G is obtained, it is analytically continued onto the
imaginary axis (red) to calculate the self-energy SPM¥T via the DMFT impurity solver. The latter
is analytically extrapolated back to the semicircle.

the full-potential case couplings to the other I-channels as a consequence of crystal symmetry have
to be suppressed.

Finally, a description of the flow diagram of the self consistent LSDA+DMFT approach is presented
in Fig. 1. Eq. (7) provides the set of regular (Z) and (J) irregular solutions of the single-site
problem. Together with the ¢ matrix and the scattering path operator 7 the KKR Green's function
is constructed from Eq. (8). To solve the many-body problem the projected impurity Green's
function is constructed according to Eq. (9). The LSDA Green's function G/ (FE) is calculated
on the complex contour which encloses the valence band one-electron energy poles. The Padé
analytical continuation scheme is used to map the complex local Green's function Gxa/(E) on
the set of Matsubara frequencies or real axis, respectively, which is used when dealing with the
many-body problem. In the current fully relativistic implementation the perturbative SPTF (spin-
polarized T-matrix + FLEX) [45] as well as T = 0K spin-polarized T-matrix [46] solvers of the
DMFT problem are used. In fact any DMFT solver could be included which supplies the self-energy
Y(E) as a solution of the many-body problem. The Padé analytical continuation is used once more
to map back the self-energy from the Matsubara axis to the complex plane, where the new KKR
Green's function is calculated. As was described in the previous sections, the key role is played by
the scattering path operator 7%, (£), which allows us to calculate the charge in each SCF iteration
and the new potentials that are used to generate the new single particle Green’s function.

Of course double counting corrections Hpc have to be considered explicitly. The problem of the
double-counting correction is definitely one of the main challenges towards first-principle calcula-
tions within LSDA+DMFT. Until know various schemes for double counting correction have been
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suggested [14]. The simplest choice, i.e. the idea of the static LSDA+U scheme has been used
here. We apply the double counting corrections to the self-energy when solving the many-body
problem. In the case of metallic transition metals, their compounds and alloys the so called around
mean field (AMF) double counting correction seems to be most appropriate. It is worth to note
here, that until now it is more or less impossible to derive an exact analytical equation for the double
counting correction. An alternative way to get an exact solution of the double counting problem
seems to be possible on the level of the GW+DMFT scheme [47]. Therefore, it is important to
use a comparison to angle-resolved photoemission (ARPES) experiments as a stringent criterium
for the choice of the optimal Hpo. However, to be able to make a decision between various
suggestions for Hpc it is helpful to calculate not only the bare spectral function, e.g. ImG, but
instead to perform a complete photoemission calculation. (for example with the one step model
of photoemission, see Sec. 2.2.4). In fact, using the one step model of photoemission one can
clearly see that the AMF Hpc is an appropriate choice for at least transition metals [25, 48, 49].

2.2.1 LSDA+DMFT treatment of disordered alloys

An outstanding feature of the KKR method is the Dyson equation relating the Green’s function of
a perturbed system with the Green's function of the corresponding unperturbed reference system.
Because of this property, the KKR Green's function method allows to deal with substitutional
disorder including both diluted impurities and concentrated alloys in the framework of the CPA
[50,51]. Within this approach (KKR-CPA) the propagation of an electron in an alloy is regarded as
a succession of elementary scattering processes due to random atomic scatterers, with an average
taken over all configurations of the atoms. This problem can be solved assuming that a given
scattering center is embedded in an effective medium whose choice is open and can be determined
in a self consistent way. The physical condition corresponding to the CPA is simply that a single
scatterer embedded in the effective CPA medium should produce no further scattering on the
average. A similar philosophy is applied also when dealing with many-body problems for crystals in
the framework of DMFT. Thus it seems to be rather natural to combine the DMFT and KKR-CPA
method. In fact the combination of the KKR-CPA for disordered alloys and the DMFT scheme is
based on the same arguments as used by Drchal et al. [52] when combining the LMTO Green's
function method for alloys [53] with the DMFT.

The combination of the CPA and LSDA4+DMFT turned out to be a quite powerful technique to
calculate electronic structure properties of substitutionally disordered correlated materials [16, 54—
56]. Within the CPA the configurationally averaged properties of a disordered alloy are represented
by a hypothetical ordered CPA-medium, which in turn may be described by a corresponding site-

CPA " which in turn is closely connected with the electronic

diagonal scattering path operator 7
Green's function. For example for a binary system A,B;_, composed of components A and B with
relative concentrations 24 and ap the corresponding single-site t-matrix t“F4 and the multiple

CPA

scattering path operator 7 are determined by the so called CPA-condition:

A + 27l = 7OPA, (10)

The above equation represents the requirement that embedding substitutionally an atom (of type A
or B) into the CPA medium should not cause additional scattering. The scattering properties of an
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A atom embedded in the CPA medium, are represented by the site-diagonal component-projected
scattering path operator 72 (angular momentum index omitted here)

A= 7OPA 4 (1 — b, ) 7O T (11)

single-site matrices of the A component and of the CPA effective medium. A corresponding
equation holds also for the B component in the CPA medium. The coupled sets of equations for

7CPA and tCPA have to be solved iteratively within the CPA cycle.

The above scheme can straightforwardly be extended to include the many-body correlation effects
for disordered alloys [16]. Within the KKR approach the local multi-orbital and energy dependent
self-energies (SZMIT(E) and SEMIT(E)) are directly included into the single-site matrices t4
and tpg, respectively by solving the corresponding Dirac Eq. (7). Consequently, all the relevant
physical quantities connected with the Green's function, as for example, the charge density contain
the electronic correlations beyond the LSDA scheme.

2.2.2 Combination of the LSDA+DMFT with disordered local moment approach

In the following subsection we address the question to which extent a regime of strong correla-
tions can be studied by means of an implementation suited to deal with moderately correlated
systems. In particular the spin-polarized T-matrix fluctuation-exchange solver (SPTF) [45, 57]
has been implemented to treat the problem of magnetic fluctuations in transition metals, and has
been successfully applied to the ferromagnetic phases of Fe, Co, Ni [25,57,58] and to the anti-
ferromagnetic phase of v-Mn [59], as well as to half-metallic ferromagnets [23]. It is quite stable,
computationally rather cheap and deals with the complete four-indices interaction matrix. On the
other hand, its perturbative character restricts its use to relatively weakly, or moderately, correlated
systems.

Not surprisingly, the SPTF performs well when starting from a spin-polarized solution, since the
spin-splitting contains already the main part of the exchange and correlation effects. On the
other hand, the direct application of SPTF to a non-magnetic reference state can create stability
problems. This is because one tries to attribute the strong and essentially mean-field effect of
the formation of a local magnetic moment to dynamical fluctuations around the non-spin-polarized
state. This is fine when one uses the quantum monte carlo (QMC) method, which has no formal
restrictions on the value of fluctuations, but seems problematic for the perturbative approaches.
As a way to reduce such a limitation we propose a combination of SPTF with the disordered local
moment (DLM) approach [60,61]. As already shown for the case of actinides [62] the inclusion
of the fluctuations of randomly oriented local moments can improve drastically the description of
energetics in the paramagnetic phase. Therefore, one can hope that it allows us to extend the
range of applicability of SPTF.

In DLM the itinerant electrons form self-maintaining “local moments” which are analogous - but
physically different - to the localized spins of the Heisenberg model. With &; the orientations of the
moments at the sites i, we can describe the system through the generalized grand-canonical po-
tential 2({é&;}). Then a mean-field approximation of the true potential is constructed as expansion
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around a single-site spin Hamiltonian [61]:
Qo({e:}) == hiei. (12)

The self consistent parameters h; define a set of probabilities Pi(é’i) of finding the moments oriented
along éﬁ-. Explicit calculations can now be made using standard methods developed for substitution-
ally disordered alloys, as the Coherent Potential Approximation (CPA), which is straightforwardly
implemented within the multiple-scattering theory of KKR [16] (see above). The study of the
paramagnetic phase is especially simple, since the problem can be reduced to a binary alloy, where
the half of the sites are occupied by “up” moments and the other half by “down” moments.

2.2.3 Total energy calculations

In the Sec. 2.1 we have presented the equations that define the LSDA+DMFT scheme in terms of
the local problem and a self consistent bath. These equations can be obtained by many different
techniques [9], but in perspective of total energy calculations we have already adopted the point
of view of the spectral density-functional theory of Savrasov and Kotliar [22]. In the case of the
KKR implementation presented above the LSDA+DMFT total energy can be calculated from:

Erspat+pymrr = Erspa[p(r), G(w)] — (Hy) . (13)

It should be noted that Ergpa, Iin particular its band energy contribution, already contains the self-
energy contribution and therefore the Galitskii-Migdal term has to be removed, since it is already
added twice with the band energy.

The evaluation of Eq. (13) requires only the additional calculation of the Galitskii-Migdal energy,
since the band energy results from the DFT part of the KKR code. While it might be simpler to
evaluate the Galitskii-Migdal correction directly within the local problem (inside the DMFT solver
integrating over Matsubara frequencies), we prefer to work again on the semicircular complex
energy contour, retaining to the same formalism for both contributions of the total energy. This
implies we calculate

(Hy) = —%Im 3 / dz Sans (2)Gaun (2) - (14)
A1As
The integration is performed over the contour starting close to the real energy axis at the bottom
of a valence band and ending at the Fermi energy. It turned out that this procedure is numerically
more stable than the evaluation of the Galitskii-Migdal correction using an integration over the
Matsubara frequencies inside the DMFT solver.

2.2.4 Fully relativistic one-step model of photoemission for alloys

Spectroscopy is an extremely important experimental tool providing information on the electronic
structure of the probed system that has to be seen as a stringent benchmark for the success of any
electron structure theory. Photoemission spectroscopy (PES) or its inverse — the Bremsstrahlung
isochromate spectroscopy (BIS) — in their angle-integrated form should reflect the density of states
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(DOS) rather directly — in particular in the high photonenergy regime (XPS). For that reason it is
quite common to check the DMFT-based calculations by comparing the calculated DOS directly
to the PES spectra (see the reviews [13, 14, 63] for example).

However, this approach ignores the influence of the specific PES matrix elements that in general will
introduce an element- and energy-dependent weight to the partial DOS. In case of angle-resolved
photoemission (ARPES) the situation is even move severe as the surface as well as dipole selection
rules may have a very pronounced impact on the spectra [64] demanding for a coherent description
within the one-step model of photoemission [65]. To achieve a reliable interpretation of experi-
ments, however, it is inevitable to deal with so-called matrix-element effects which considerably
modify the raw spectrum. Above all, the wave-vector and energy dependence of the transition-
matrix elements has to be accounted for. These issues are known to be important and actually
cannot be neglected. They result from strong multiple-scattering processes which dominate the
electron dynamics in the low-energy regime of typically 1-200 eV [66]. The transition-matrix ele-
ments also include the effects of selection rules which are not accounted for in the raw spectrum.
Loosely speaking, it can be said that the main task of a theory of photoemission is to close the
gap between the raw spectrum obtained by LSDA+DMFT electronic-structure calculations and
the experiment. The most successful theoretical approach concerning this is the so-called one-step
model of photoemission as originally proposed by Pendry and co-workers [66—68]. In the following
a short overview will be given on the recent extensions of the one-step model which are connected
with correlation effects and disordered alloys.

The main idea of the one-step model is to describe the actual excitation process, the transport of the
photoelectron to the crystal surface as well as the escape into the vacuum [69] as a single quantum-
mechanically coherent process including all multiple-scattering events. Within this model self-energy
corrections, which give rise to damping in the quasi-particle spectrum, are properly included in both
the initial and the final states. This for example allows for transitions into evanescent band gap
states decaying exponentially into the solid. Similarly the assumption of a finite lifetime for the
initial states gives the opportunity to calculate photoemission intensities from surface states and
resonances. Treating the initial and final states within the fully relativistic version of layer KKR
theory [70,71], it is a straight forward task to describe complex layered structures like thin films
and multilayers within the photoemission theory. Furthermore, the surface described by a barrier
potential can be easily included into the multiple-scattering formalism as an additional layer. A
realistic surface barrier model which shows the correct asymptotic behavior has been introduced,

for example, by Rundgren and Malmstrom [72].

We start our considerations by a discussion of Pendry’s formula for the photocurrent which defines
the one-step model of PES [67]:

IYES oc Tm (e, k|G AGT ATGS Jeg Ky - (15)

The expression can be derived from Fermi’'s golden rule for the transition probability per unit
time [73]. Consequently, I°®S denotes the elastic part of the photocurrent. Vertex renormaliza-
tions are neglected. This excludes inelastic energy losses and corresponding quantum-mechanical
interference terms [67,73,74]. Furthermore, the interaction of the outgoing photoelectron with
the rest system is not taken into account. This “sudden approximation” is expected to be justified
for not too small photon energies. We consider an energy-, angle- and spin-resolved photoemission
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experiment. The state of the photoelectron at the detector is written as |es, k), where k| is the
component of the wave vector parallel to the surface, and €y is the kinetic energy of the photoelec-
tron. The spin character of the photoelectron is implicit by included in ]ef,k||> which is understood
as a four-component Dirac spinor. The advanced Green function G5 in Eq. (15) characterizes the
scattering properties of the material at the final-state energy Ey = ¢;. Via [¥) = G5 |ef, k) all
multiple-scattering corrections are formally included. For an appropriate description of the pho-
toemission process we must ensure the correct asymptotic behavior of W¢(r) beyond the crystal
surface, i. e. a single outgoing plane wave characterized by ey and k. Furthermore, the damping
of the final state due to the imaginary part of the inner potential iVj;(E2) must be taken into
account. We thus construct the final state within spin-polarized low-energy electron diffraction
(SPLEED) theory considering a single plane wave |es, k) advancing onto the crystal surface. Us-
ing the standard layer-KKR method generalized for the relativistic case [65, 75], we first obtain
the SPLEED state —T'W¢(r). The final state is then given as the time-reversed SPLEED state
(T = —ioy K is the relativistic time inversion). Many-body effects are included phenomenologically
in the SPLEED calculation, by using a parametrized, weakly energy-dependent and complex inner
potential Vo(E2) = Vor(E2) + iVui(E2) as usual [66]. This generalized inner potential takes into
account inelastic corrections to the elastic photocurrent [73] as well as the actual (real) inner po-
tential, which serves as a reference energy inside the solid with respect to the vacuum level [76].
Due to the finite imaginary part iVy;(E2), the flux of elastically scattered electrons is continuously
reduced, and thus the amplitude of the high-energy wave field W(r) can be neglected beyond a
certain distance from the surface.

For disordered alloys the CPA scheme can straightforwardly be extended to include the many-body
correlation effects for disordered alloys [16]. According to the LSDA+DMFT approach realized in
the framework of the fully relativistic SPR-KKR multiple scattering theory we use the self-energy
SEMET(E) calculated self consistently using dynamical mean field theory [9]. Within the KKR
approach the local multi-orbital and energy dependent self-energies (XM (E) and SEMIT(E))
are directly included into the single-site matrices t 4 and t g, respectively by solving the corresponding
Dirac Eq. (7). Consequently, all the relevant physical quantities connected with the Green's function
and used for photoemission calculations, as for example, the matrix elements or scattering matrices
like t“P4 contain the electronic correlations beyond the LSDA scheme. A detailed description of
the generalized one-step model for disordered magnetic alloys can be found in [56]. Here we present
the expression for the CPA photocurrent only. Following Durham et al. [77,78] we have to perform
the configurational average of these different contributions to the photocurrent, leading to the fully
relativistic expression:

< IPES(Ef,k”) S = < [a(ef,k”) >+ < Im(Efakll) >
+ < Plepky) >+ < I™(ef, Xy) >
(16)

When dealing with disorder in the alloys, an additional term I'™¢, the so called " incoherent” term
appears. This contribution to the alloy photocurrent appears because the spectral function of an
disordered alloy [37] is defined as a non single-site quantity. In fact this contribution is closely
connected with the presence of the irregular wave functions well-known from the spherical repre-
sentation of the Green function G .
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3 Applications

In this section we review some results that have been obtained using the LSDA+DMFT as im-
plemented in the full-potential KKR method (2.2). The use of a fully relativistic formulation on
the basis of the four-component Dirac formalism allows to deal with all spin-orbit coupling induced
properties like for example orbital magnetic moments of ferromagnetic transition metals. Mag-
netic moments and other ground state properties will be discussed in Sec. 3.1.1. Investigations on
ground states properties are complemented by investigations on spectroscopic properties with an
emphasis on valence band photoemission calculated on the basis of the so-called one-step model. In
Sec. 3.2.1 the spin-orbit coupling induced Fano effect observed in angle-integrated photoemission
is discussed. To achieve more stringent and detailed information about the electronic structure
of correlated materials, the calculation of ARPES is highly desirable. As already mentioned our
approach combines coherently LSDA+DMFT and ARPES relevant issues: the surface geometry,
final state effects and the transition matrix elements accounting for the selection rules. Examples
will be shown for the low index surfaces of transition metals like Ni or Fe in Sec. 3.2.2) and for the
disordered NiPd-alloy system in Sec. 3.2.3. In the last Sec. 3.3 recent developments of the KKR
formalism concerning k dependent self-energies will be discussed for the case of the electron-phonon

coupling.

3.1 Ground state properties
3.1.1 Orbital magnetic moments

Various important properties of magnetic materials, like magnetic anisotropies, magneto-optical ef-
fects, and for example magnetic dichroism in various types of electronic spectroscopies are caused
by spin-orbit coupling. While spin magnetic moments for 3d transition metals and their alloys are de-
scribed rather accurately by the LSDA, the orbital magnetic moments are typically underestimated.
To improve the description of orbital magnetism the so-called orbital polarization correction (OP)
scheme was introduced by Brooks et al. [79-81] as an additional ad hoc term added to the LSDA
Hamiltonian. Later on it had been realized that the OP term can be systematically derived from
current DFT [82]. Despite of a quite accurate description of the orbital moments for bulk systems,
calculations based on the OP-term fails to predict the experimental values for impurities [83—85]
and clusters on surfaces [86].

An alternative approach is based on the explicit account of local (on-site) many-body correlations.
In particular, Solovyev et al. [87,88] have shown by calculations based on the random-phase approx-
imation that the OP-picture is one of the limits of the more general LSDA+U concept [89]. On
the other hand, the LSDA+U approach fails to give a proper description for the spectral properties
of the 3d transition metals. Examples for these problems are found in the calculated bandwidths,
the spin splitting, the energetics of the Ni satellite and in the absence of quasiparticle damping,
etc. [58,90]. On the other hand, the explicit account for local correlations within the LSDA+DMFT
approach should improve the description of the orbital magnetic moments [54,55] as well as of the
spectral properties [24,25,48,56,91]. As an example LSDA+DMFT results for the ferromagnetic
transition metals Fe, Co and Ni are shown in Fig. 2. It was found that the use of DMFT hardly
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Figure 2: Spin (left panel) and orbital (right panel) magnetic moments in bcc Fe, hcp Co and
fcc Ni calculated using LSDA4+DMFT (hatched blue bars) compared with plain LSDA calculations
(black filled bars) and experimental data (red bars).
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Figure 3: Ratios between the d components of jio, and pispin for Co in ordered CoPt obtained via
various computational schemes compared with experiment [92].

changes the spin magnetic moments compared to plain LSDA-based calculations, that in turn give
results already in very good agreement with experiment. Inclusion of the DMFT, on the other
hand, increases the orbital moment and brings the theoretical values in very satisfying agreement
with experiments. Concerning this a very important issue is the treatment of the double-counting
term. A direct comparison of the calculated orbital magnetic moments with the corresponding
experimental data clearly show that the AMF setting is most adequate for metallic transition metal
systems. By construction the dynamical part of the self-energy SPMFT behaves in the vicinity of
the Fermi level as for a Fermi liquid. Therefore SPMFT cannot noticeably affect integral quanti-
ties like spin and orbital magnetic moments. On the other hand, the applied AMF static double
counting which splits the different orbitals only slightly at the Fermi level, has no impact on the
renormalization of the density of states. As already mentioned, the application of the OP term
for diluted magnetic moment systems is not much successful. Because the LSAD+DMFT method
leads to more accurate results in this case, we performed LSDA+DMFT calculations for various
CoPt ordered phases [55]. In Fig. 3 we show the ratios between the orbital and spin magnetic
moments, which can be deduced from x-ray magnetic circular dichroism (XMCD) measurements.
It follows from Fig. 3 that the LSDA systematically underestimates ,u(d)/,ugzi)n for Co in various

orb
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Figure 4: Left: Total energy of Ni calculated by means of the LSDA and LSDA+DMFT as a
function of the lattice parameter a for various values of the parameter U. Right: Computed values
of the equilibrium atomic volume V; and the bulk modulus B for the the standard LSDA-DFT
method and for the LSDA+DMFT scheme in comparison with experiment [31].

compounds. This deficiency increases with increasing Pt content: the experimental ugf&/ugﬁi)n ra-
tio exceeds the LSDA result twice for bulk Co, three times for CoPt and four times for CoPts.
Employing the OP scheme of Brooks increases the u((fr%/ugzi)n ratio and partially compensates for
the deficiency of the LSDA. This compensation is nearly complete for bulk Co but it becomes
insufficient as the Pt content increases. Employing the LSDA+DMFT, on the other hand, leads to
a nearly perfect reproduction of the experimental ,u((;fl))/,ugzi)n ratio at Co atoms for bulk Co, CoPt,

as well as CoPts.

3.1.2 Total energy calculations

As already mentioned, most of the LSDA-+DMFT applications up to now are connected with spec-
tral function calculations and related properties. However the predictive power of any LSDA+DMFT
approach can be achieved only by an accurate description of the total energies and related phe-
nomena like forces or lattice relaxations. A step towards investigations on the equilibrium structure
of correlated systems, which are based on total energy calculations in the framework of the full
potential KKR implementation of the LSDA+DMFT method, is found in [31]. Results obtained
for ferromagnetic Ni are presented in Fig. 4. It is well known that in the framework of LSDA the
equilibrium value of the lattice constant is slightly underestimated (typically by 3%) with respect
to the experimental value. Concerning the calculations based on the LSDA+DMFT, one notices
that the results are strongly dependent on the value of the Hubbard U. The best results are ob-
tained for U = 3eV, i.e. for a value which is smaller as commonly accepted. This discrepancy
can be assigned to the perturbative nature of the SPTF solver [31,57]. However, for U = 3eV
we obtained a reasonable agreement also for the bulk modulus. In the case of Ni a satisfying
result can also be obtained by using gradient corrected functionals (GGA) [5]. On the other hand,
in the case of v-Mn which is considered to be a material on the border between moderate and
strong correlations [59, 93] the change of the exchange correlation potential from LSDA to GGA
does not solve all the problems and it remains a significant difference between theory and experi-
ment. The atomic volume is underestimated and the anomalously low value of the bulk modulus
(B = 90 — 130GPa [94, 95]) is strongly overestimated by LSDA. This problem can be solved by
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Figure 5: Left: Comparison of the total magnetic moments for CosMn,Fe;_,Si compounds
calculated within LSDA (black dashed line, opened squares), LSDA+U (black triangles) and
LSDA+DMFT (blue squares) with the results of the SQUID magnetic measurements (red circles)
[98]. Right: The total spin-resolved DOS curves for CoaMnSi, CoaMng 5Feq 5Si and CosFeSi cal-
culated within LSDA (light/grey filled area), LSDA+U (dark/green filled area) and LSDA+DMFT
(blue line). (UcoMn,Fe = 3.0eV and Joo,vn,Fe = 0.9eV)

the LSDA+DMFT [31]. Interestingly a combination of the GGA and the DMFT in general leads
only to moderately changes compared to plain GGA results, therefore demonstrates the general
applicability of the LSDA+DMFT.

3.1.3 LSDA+DMFT for disordered alloys

Representing the electronic structure in terms of the Green's function allows for a straightforward
combination of the LSDA+DMFT method with the CPA alloy theory, as both schemes are used up
to now on a single site-level. This combined approach was applied to study the magnetic properties
of a number of disordered substitutional transition metal alloys [16,54,56,96]. An interesting class
of materials for magneto-electronic applications is found in the family of half-metallic Heusler ferro-
magnets [97]. These materials show, for example, interesting properties connected with correlation
effects, like as for example so called non-quasi particle states [23]. Special attention had been paid
to CooMnSi, CosFeSi and to the substitutional series CooMn,Fe1_,Si of Heusler half-metals which
show a large minority band gap (of about 0.4eV) and a very high Curie temperature of about
1000K [98]. In Fig. 5 we present the total magnetic moments of the substitutional disordered alloy
CooMn,Fei_,Si. Our calculations show a monotonous increase with Fe content in the magnetic
moment in analogy to the Slater-Pauling curve within the whole range of Fe concentrations. It
turned out that the static treatment of correlation effects (on the level of LSDA+U) is important
for a reliable description of the minority band gap [99] for this class of materials. The additional
dynamical effect appearing within LSDA4+DMFT only slightly reduces the spin magnetic moment.
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Figure 6: Comparison of the density of states of the 3d electrons in v-Mn obtained by different
approaches: (a) DFT-LDA (b) QMC with U = 3.0eV and different values of J. (c) DLM and
DLM4SPTF for U = 3.0eV and J = 0.8eV.

The dynamical correlations appear to be more significant for the spectroscopic properties. As it
follows from the right panel of Fig. 5, the LSDA+U enlarges the minority spin gap. Adding the
DMFT causes a shift of the d-states towards the Fermi level and a substantial broadening of the
DOS within the range between —2 and —8eV is observed. This effect can be seen directly in the
angle-integrated valence band photoemission spectra [96].

Another interesting application of the CPA is to deal with thermal fluctuations of magnetic moments
by use of the so called disordered local moment model (see Sec. 2.2.2). Its combination with
the DMFT was recently demonstrated by a corresponding application to v-Mn [59]. Here, it
turned out that instead of the cumbersome and computationally expensive QMC calculations, the
proposed combination of SPTF and the DLM approach can be used to describe adequately the
high temperature properties of v-Mn. In Fig. 6 a comparison of the densities of states of 3d
electrons in v-Mn obtained by different computational schemes is presented. The upper panel
(a) and the middle panel (b) display the bare LDA results and the LDA+DMFT results with the
QMC solver for U = 3eV and J = 0.75eV or J = 0.9eV. In the lower panel (c) the density
of states obtained within the DLM approach is reported, both for LSDA and LSDA+DMFT by
use of the SPTF solver ("DLM+SPTF"). As the bare DLM describes the fluctuations in a very
simple way, only a weak indication of three peak structures is observed. However the width of
the 3d-band is too large, since it derives from the single particle LDA density of states. On the
other hand, in DLM+4SPTF we can properly describe the shrinking of the 3d band, as already
observed for Fe, Co and Ni [25,58]. In comparison with the QMC calculations, the peak around
—2¢eV is less pronounced. This is due to the perturbative nature of SPTF, which tends to shift the
correlation effects related to the formation of non-coherent satellites. For example, the famous
—6¢eV satellite of Ni is found at about —8eV [24]. In the case of v-Mn the spectral weight is
transferred to the region between —4 and —6eV. In conclusion, it seems that the DLM+SPTF
can reproduce QMC results for the moderately correlated regime. But, as it is shown in panel
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(b) of Fig. 6 only a slight change of the parameter J (from 0.75 to 0.9eV) drives the v-Mn into
the strong correlation regime. This is because of the appearance of the Hubbard band. In fact,
this tendency also strongly changes the temperature dependence of the magnetic moment. For
the smaller value of J (moderately correlated system) spin fluctuations are reduced because of
the presence of strong orbital fluctuations. For the higher value of J (strongly correlated limit) a
strong fluctuating local moment is formed. This transition happens close to the physical value of
Hund's exchange J. These different tendencies had been studied before in the two-orbital Hubbard
model [100], but it is interesting to see that they can be quantitatively described in a real material
with five orbitals and realistic hybridizations.

3.2 LSDA+DMEFT for calculations of spectroscopic properties
3.2.1 Angle-integrated valence band photoemission: Fano effect

Spin-orbit coupling gives rise to many interesting phenomena in the electron spectroscopy of mag-
netic solids. A rather straightforward access to the understanding of these phenomena is provided
by the study of the Fano effect. This effect was predicted by Fano at the end of the sixties and
denotes the fact that one obtains a spin-polarized photoelectron current even for non-magnetic
systems if the excitation is done using circularly polarized light [101]. At which, for non-magnetic
samples the spin polarization of the photocurrent is reversed, this symmetry is in general broken
for magnetically ordered systems leading to magnetic circular dichroism. However, in the case of
magnetic materials, the spin polarization is usually due to the interplay between spin-orbit coupling
and exchange splitting. Recently, we demonstrated by investigations on Fe, Co and Ni that the
pure Fano effect can also be observed in angle-integrated valence band XPS (VB-XPS) for ferro-
magnets if circularly polarized light impinges perpendicular to the magnetization direction and if
a subsequent spin analysis is done with respect to the direction of the photon beam [24]. This
is demonstrated in Fig. 7 where the VB-XPS of the Fe, Co and Ni at a photon energy of 600eV
is shown. The photon energy of 600eV has been used in order to increase the bulk sensitivity of
the photoemission process. In the upper panel of Fig. 7 we compare experimental data with corre-
sponding LSDA and LSDA+DMFT VB-XPS data based on the one-step model of photoemission.
In all three cases the LSDA+DMFT considerably improves the agreement with the experiment. In
particular, in the case of Ni LSDA+DMFT leads to the shrinking of the d-band width. In addition,
use of the LSDA+DMFT scheme leads to a pronounced increase of the intensity in the regime
of the 6eV satellite. For the total intensity of the Fe and Co signal we observed an pronounced
improvement in the energy region from —2 to —8eV. A decomposition of the theoretical spectrum
according to the angular momentum character of the initial state shows that the d-contribution
is far dominating and that the spectrum essentially maps the corresponding DOS. This, in some
sense, supports the common practice of comparing experimental XPS directly with the DOS. In the
lower panel of Fig. 7 the corresponding spin difference AI+ = [T+ — If (i.e. the difference of the
currents of photoelectrons with spin-up and spin-down electrons, for excitation with left circularly
polarized radiation) is shown. The occurrence of this spin current is a pure matrix element effect
induced by spin-orbit coupling. In fact, one finds that the shape of the AI™ curves are very similar
to those that can be found for non-magnetic Nobel metals [102,103]. In fact, the amplitudes scale
with the spin-orbit coupling parameter of the Fe, Co and Ni d-states. To achieve this rather good
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Figure 7: Top panel: The experimental (dots), LSDA (green line) and LSDA+DMFT (blue line)
angle integrated valence band XPS spectra of bcc Fe, hcp Co and fcc Ni for a photon energy of
600eV . Lower panel: Spin difference AI™ = I{F — Il+ of the photocurrent for excitation with left
circularly polarized light.

agreement with the experimental data for the AIT intensity distribution the fully self consistent
LSDA+DMFT approach is obviously needed.

3.2.2 Angle-resolved photoemission within one-step model

In the previous Sec. 3.2.1 we showed angle-integrated XPS spectra which can be directly compared
to the DOS ignoring matrix element effects. However, the most complete description of the band
structure of correlated materials can be obtained by spin- and angle-resolved valence band pho-
toemission. In the following section we present various examples of angle-resolved photoemission
calculations done within the one-step model. These examples clearly demonstrate the need for
such calculations in order to obtain a quantitative understanding of the corresponding experimental
data.

The following examples concern the ferromagnetic transition metal systems Ni and Fe as prototype
materials to study electronic correlations and magnetism beyond the LSDA scheme. In Fig. 8 we
present a comparison between experimental photoemission data [64] and calculated spectra using
different theoretical approaches [25]. In the upper row spin-integrated ARPES measurements from
Ni(011) along T'Y for different angles of emission are shown. The dotted lines represent the exper-
imental data, whereas the solid lines denote the single-particle approach to the measured spectral
function. Obviously, the LSDA-based calculation completely fails to describe the experimental
data. The energetic positions of the theoretical peaks deviate strongly from the measured ones.
Furthermore, the complicated intensity distributions that appear for higher emission angles are not
accounted for by the LSDA-based calculations. In contrast, the non self consistent quasi-particle
3BS calculation provides a significant improvement when compared to the measured spectra. For
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Figure 8: Spin-integrated ARPES spectra from Ni(011) along T'Y for three different angles of
emission. Upper row: comparison between LSDA-based calculation and experiment [64]; middle
row: comparison between experiment and non self consistent quasi-particle calculations neglecting
matrix element and surface effects [64]; lower row: spin-integrated LSDA+DMFT spectra including
photoemission matrix elements (this work). Theory: solid red line, experiment: black dots.

the complete range of emission angles the energetic peak positions coincidence with the experiment
within about 0.1 eV. Only the overall shape of the measured spectral intensities deviate from the
calculations because of the neglect of multiple scattering and surface-related as well as matrix-
element effects. In the experiment the various peaks seem to be more broadened and the spectral
weight especially for nearly normal emission is shifted by about 0.1 eV to higher binding energies.
In addition it seems that for very high emission angles like 60° an even more complicated peak
structure is hidden due to limited experimental resolution. An additional spin-analysis is therefore

highly desirable for these experiments.

Within our work we could go far beyond previous theoretical studies by combining a sophisticated
many-body approach as the self consistent LSDA+DMFT method with the one-step based calcu-
lation of the corresponding spectral function. The self-energy within the DMFT has been applied
only for d-states and can be calculated in terms of two parameters - the averaged screened Coulomb
interaction U and the exchange interaction J. The screening of the exchange interaction is usually
small and the value of J can be calculated directly and is approximately equal to 0.9 eV for all 3d
elements. This value has been adopted for all our calculations presented here. For U we used a
value of 3 eV. However, our test calculations showed that a somewhat different choice of U does
not substantially changes the various features and trends in the calculated spectra. The intensity
distributions resulting from the corresponding photoemission calculation are shown in the lower row
of Fig. 8. A first inspection reveals very satisfying quantitative agreement between experiment and
theory for all emission angles. Let us concentrate first on the excitation spectrum calculated for
the emission angle ©® = 5°. The spin-integrated spectrum exhibits a pronounced double-peak struc-
ture with binding energies of 0.1 eV and 0.3 eV. The second peak is slightly reduced in intensity
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Figure 9: Left panel: Spin resolved Bloch spectral functions calculated within LSDA+DMFT and
3BS formalism . Corresponding experimental data points have been deduced from the normal emis-
sion spectra along the I'N direction. Right panel: (a) Experimental spin-integrated photoemission
spectra of the Fe(110) surface measured with p-polarization in normal emission along the I'N di-
rection of the bulk Brillouin zone. The curves are labeled by the wave vectors in units of 'N=1.55
A~1. (b) Corresponding one-step model calculations based on the LSDA+DMFT method which

include correlations, matrix elements and surface effects.

which is also in accordance with the experimental findings. Furthermore, the width of the spectral
distribution is quantitatively reproduced. The calculated binding energies are related to the real
part of the self-energy that corrects the peak positions due to a dynamical renormalization of the
quasiparticles which is missing in a typical LSDA-based calculation. The relative intensities of the
different peaks, on the other hand, must be attributed to the matrix-element effects which enter
our calculations from the very beginning via the one-step model of photoemission. The double-
peak structure originates from excitation of the spin-split d-bands in combination with a significant
amount of surface-state emission [104]. The two spectra calculated for high emission angles show
the more broadened spectral distributions observed in experiment. An explanation can be given in
terms of matrix-element effects, due to the dominating dipole selection rules. The spin-resolved
spectra reveal a variety of d-band excitations in both spin channels, which in consequence lead to
the complicated shape of the spectral distributions hardly to be identified in the spin-integrated
mode.

The second example within this section concerns a spectroscopic study of ferromagnetic Fe [48]. In
the left panel of Fig. 9 we compare the experimental peak positions from bulk like transitions with
spin-resolved LSDA4+DMFT spectral functions. In addition to these investigations we accounted
for correlation effects within the 3BS approach [12]. Within the 3BS approach the self-energy is
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calculated using a configuration interaction-like expansion. In particular three-particle configura-
tions like one hole plus one electron-hole pair are explicitly taken into account within 3BS-based
calculations. The corresponding output can be directly related to the photoemission process and
allows for a detailed analysis of various contributions to the self-energy (e.g., electron-hole life-
time). A more detailed quantitative comparison is shown in right panel of Fig. 9. Here we display
a comparison between spin-integrated ARPES data and theoretical LSDA+DMFT based one-step
photoemission calculations of Fe(110) along the I'N direction of the bulk Brillouin zone (BZ) with
p-polarized radiation. In our LSDA4+DMFT investigation underlying the ARPES calculations we
use for the averaged on-site Coulomb interaction U a value U=1.5 eV which lies between the
experimental value U ~1 eV [105] and a value U ~2 eV obtained from theoretical studies [36, 54].
The k values associated with the spectra were calculated from the used photon energies ranging
from 25 to 100 eV. Near the T" point (k~0.06 I'N), the intense peak close to the Fermi level
corresponds to a 2{73 minority surface resonance, as indicated on top of Fig. 9. Experimentally, its
E% bulk component crosses the Fermi level at k ~0.33 I'N, leading to a reversal of the measured
spin-polarization and to a strong reduction of the intensity at £ =0.68 I'N in the minority chan-
nel. The peak at the binding energy BE~0.7 eV, visible mainly for p-polarization in a large range
of wave vectors between I' and N, can be assigned to almost degenerate 2174 bulk-like majority
states. A Z; feature at BE~1.1 eV dominates the spectrum close to the I'-point. Depending on
the polarization the degenerate Z‘,{ states form a shoulder around the same BE. The broad feature
around 2.2 eV, visible at various k-points, but not at the N-point, is related to a majority 213
surface state. Around the N-point (0.76< k <1.0) and at BE>3 eV we observe a E{ band having
strong sp character. The pronounced difference between its theoretical and experimental intensity
distributions can be attributed to the fact that in the present calculations only the local Coulomb
repulsion between d electrons is considered, without additional lifetime effects for the sp bands.
Finally, we notice that the background intensity of the spectrum at k=0.66 I'N, corresponding to
a photon energy of 55 eV, is strongly increased due to the appearance of the Fe 3p resonance.
The direct comparison of the calculated and experimental spectra turned out to be a very strin-
gent check of Coulomb parameter U used in the calculations. This also applies to the DMFT
self-energy, that was compared to its counterpart deduced from the experimental band dispersion
and line width.

In conclusion, we have presented spectral function calculations of ferromagnetic Ni and Fe, which
coherently combine an improved description of electronic correlations, multiple-scattering, surface
emission, dipole selection rules and other matrix-element related effects that lead to a modification
of the relative photoemission intensities. A similar study has been recently performed for Co(0001)
[49]. This approach allows on the one hand side a detailed and reliable interpretation of high-
resolution angle-resolved photoemission spectra of 3d-ferromagnets. On the other hand, it also
allows for a very stringent test of new developments in the field of DMFT and similar many-body
techniques.

3.2.3 One-step model of photoemission of disordered Ni,Pd;_,(001) alloy

In this section alloying effects in combination with electronic correlations are considered [56].
Fig. 10 shows a series of spectra of Ni,Pd;_, as a function of the concentration = calculated for a
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Figure 10: ARPES spectra taken from the Ni.Pd;_,(001) alloy surfaces as a function of the
concentration x for a fixed photon energy of hv=40.0 eV along I'X in normal emission. Experimental
data shown in the left panel calculated spectra presented in the right panel. Depending on the
concentration x a pronounced shift in spectral weight towards the Fermi level is visible.

photon energy hv=40 eV with linear polarized light. The experimental data are shown in the left
panel and the corresponding LSDA+DMFT-based photoemission calculations are presented in the
right one. Our theoretical analysis shows that starting from the pure Ni, the agreement is fully
quantitative with deviations less than 0.1 eV binding energy, as expected. Going to the Nig.ggPdg.20
alloy the agreement is comparable good for binding energies between the Fermi energy and 2 eV.
Inspecting the density of states (DOS) for the NiggoPdp.2o alloy this fact becomes explainable,
because this energy interval represents the Ni-dominated region. The Pd derived states start to
appear at about 2 eV below Eg besides of the small dip at the Fermi level. For higher binding
energies the agreement is also very good, although a bit more structure is observable in the theory,
especially around 3.5 eV. An explanation for this behavior can be found in terms of lifetime effects,
but it should be mentioned here that background in the experimental spectra due to secondary
electrons was not considered in the theoretical analysis. From the Nig7gPdg.30 alloy system it
becomes clearly visible that the deviation between theory and experiment is mainly introduced for
increasing concentration of Pd. This can be seen from the spectra for Nig.50Pdo.50 and Nig.30Pdo.70
alloys shown next in the series. In addition, the spectra of Nig.30Pdg.7¢ reveal some deviations near
the Fermi level. Also, the spectral intensity of the Ni surface resonance, that appears at about 0.5
eV binding energy is underestimated in the calculation when compared to the experiment.

Our spectroscopic analysis has clearly demonstrated that the electronic properties of the Ni,Pdi_,
alloy system depend very sensitively on the interplay of alloying and electronic correlation. A descrip-
tion within the LSDA approach in combination with the CPA results in a quantitative description
of the electronic structure of Ni,Pd;_, [56]. This example may illustrate that the use of the CPA
alloy theory self consistently combined with LSDA+DMFT approach serves as a powerful tool for
electronic structure calculations, whereas the application of the fully relativistic one-step model
of photoemission, which takes into account chemical disorder and electronic correlation on equal

footing guarantees a quantitative analysis of the corresponding spectroscopic data.
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Figure 11: Upper panel: Calculated Eliashberg function o?Fj(w) for Pb(110) for k =

7(0.17,1.,0.17). Lower panel: corresponding k-dependent self-energy, real part shown on left,
imaginary part shown on the right.

3.3 Effects of electron-phonon interaction in angle-resolved photoemission

In the following section we want to demonstrate that the formalism presented in Sec. 2.2 can
be extended in order to include a E—dependent self-energy. In detail, we discuss the effect of
electron-phonon coupling on the angle-resolved photoemission of Pb(110).

Nowadays, high resolution photoemission measurements allow to investigate in great detail the
electronic structure of materials close to the Fermi level. This gives access to energy bands
modified by electron-phonon interaction, and therefore serves as a very important spectroscopic
tool to characterize transport properties or, for example, properties of super-conducting materials
[106—109]. Modifications of the electronic structure generated by electron-phonon interaction are
typically not accounted for in LSDA-based band-structure calculations. The theoretical treatment
of electron-phonon effects requires the use of many-body techniques which originally had been
The self-

energy approach often applied in many-body calculations can be used as well to represent the

developed to give a quantitative description of strong electronic correlation effects.

electron-phonon interaction. Accordingly, having the electronic structure obtained by an ab-initio
calculation, the modifications due to electron-phonon interaction can be described via an electron-
phonon self-energy X (k, E}) [110,111]. The electron-phonon self-energy is derived using many-
body perturbation theory within second order and is expressed in terms of the momentum-resolved
Eliashberg function a?F}(w). To obtain explicitly the electron-phonon self-energy, we focus our
attention on the Eliashberg function as the main quantity determined by all coupled electronic and
phononic states of the system. This function can efficiently be reformulated in terms of the Green’s
function [112, 113] and accordingly by calculated directly using KKR formalism. For this propose
the phonon dispersions and corresponding matrix elements have been calculated within the real
space KKR formulation of the rigid sphere approximation.

The complex self-energy in general consists of contributions due to electron-electron and electron-
impurity scattering, as well as due to electron-phonon scattering (X¢—pn). The real part of X¢_pp,
is responsible for band renormalization around Er. On the other hand the imaginary part part of
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Figure 12: ARPES spectra taken from the Pb(110) surface excluding (left panel) and including
(middle panel) phonons via a corresponding electron-phonon self-energy Yei—pn. Corresponding
experimental data are shown on the right panel [115].

Ye—pn describes lifetime effects. These quantities are determined by electron-phonon scattering
induced quasiparticle lifetimes, measurable in photoemission experiments. To demonstrate the
effect of electron-phonon interactions on the electronic quasi-particle states near Er we present
photoemission calculations for Pb, which serves as a prototype system and compare our theoretical
results to corresponding experimental data [114]. Pb is of special interest because of the presence
of strong electron-phonon interactions which in particular lead to the superconducting state at low
temperatures [106, 109].

The calculations have been performed for energies close to the Fermi level. The wave vectors in
the BZ (k = 2(0.17,1.,0.17)) correspond to the experimental geometry [109]. Fig. 11 shows a
comparison between the experimental and theoretical real and imaginary parts of the self-energy
Y. Obviously, the agreement is very satisfying. In general, it is possible to deduce a phononic
self-energy from measured photoemission spectra. The imaginary part of the self-energy can be es-
timated from the full width at half maximum of the energy distribution curves fitted by a Lorentzian.
The real part is then obtained by a Kramers-Kronnig transformation. However, in cases where for
example several transitions appear close to the Fermi level or even additional surface contributions
to the photocurrent take place, this analysis might be questionable. Therefore, it seems to be
more reliable to make a direct comparison between angle-resolved photoemission calculations and
corresponding experimental data. For this purpose we developed a scheme that allows to include
directly a k-dependent self-energy into the one-step model of photoemission. In Fig. 12 we present
photoemission spectra calculated for the two cases without (left panel) and with (middle panel)
electron-phonon interactions and compare them to the corresponding measurements [115]. The
contour plot has been calculated for Hel radiation along I'X. More precisely, bands forming the
locally tubular Fermi surface of Pb(110) crosses E at about 5° off-normal emission along T'X. In
the middle panel of Fig. 12 a clear renormalization of the bare band (often called kink) at 8meV
binding energy is observable. This effect appears just where the real part of the self-energy reaches
its maximum. Furthermore, an additional broadening of the spectral features due to the imaginary
part of the phononic self-energy is visible in the calculated spectra. This, of course, completes
a lifetime analysis of spectral features in a quantitative sense because the imaginary part of the
phononic self-energy can be identified as the last contribution that has to be considered in addition
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to impurity scattering and electronic correlation related broadening mechanisms of photoemission
intensities. As an outlook the above scheme can straightforwardly be extended to combine the
electron-phonon interaction with LSDA-+DMFT calculations. This will allow a electron-phonon
interaction studies of the correlated materials like for example fcc-Ni [116].

4 Summary and concluding remarks

In summary, we have reviewed a LSDA4+DMFT implementation within the KKR method. In par-
ticular this approach was chosen because the KKR method represents the electronic structure by
the corresponding single-particle Green's function leading therefore to a number of very attractive
features of the scheme. The fully-self consistent full-potential implementation turned out to be a
very powerful tool to study ground state as well as spectroscopic properties of transition metals, al-
loys and their surfaces. The fully-relativistic formulation allows to study spin-orbit coupling induced
properties as, e.g. orbital magnetic moments or magnetic dichroic phenomena in photoemission.
The TMA and SPTF solver used so far clearly imposes a restriction to moderately correlated ma-
terials. To get access to strongly correlated systems the adaption of QMC based solvers to the
KKR implementation is needed.

Of course, the LSDA+DMFT method in its standard form is not an ab-initio method mostly due
to use of the Coulomb parameter U. Various schemes have been proposed to calculate U like the
constrained random phase approximation or constrained LSDA. The scheme developed by Cococ-
cioni et al. [36] seems to be especially attractive, as it might be applicable without modifications
to surfaces and nano-structures within the embedding KKR technique by avoiding the super-cell
approach. With reliable values for the Coulomb parameter U the KKR implementation of the
LSDA+DMFT will open the way to investigate the impact of correlation effects on structural and
volume dependent properties in a quantitative way. In particular systems with reduced dimension-
ality, like 2D surfaces or nano-structures deposited on surfaces can be straightforwardly calculated
within the KKR implementation of LSDA+DMFT. Furthermore, as it has been demonstrated, a
E—dependent self-energy can be included into the KKR method. This allows to discuss non-local
correlation effects, for example, on the basis of cluster DMFT.

All these developments can be directly tested by a direct comparison with the corresponding ex-
periments like i.e. angle-resolved photoemission, magnetic Compton profiles or magneto optics.
Finally, developments connected with resonant and time-dependent spectroscopy become more and
more important to gain detailed insights into the physics of correlated materials.
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