Theoretical Study of Electron Dynamics in
Multi-Orbital Antiferromagnetic Metals

Koudai Sugimoto

January 22, 2015






Abstract

Chromium (Cr) is known to be a typical antiferromagnetic metal characterized by
an incommensurate spin-density-wave (SDW) ground state due to the Fermi-surface
nesting. The magnetic and electronic properties of Cr have widely been investigated
for a long time. Such studies of 3d transition-metal compounds have been renewed by
a recent discovery of iron-based superconductors, and newly focused on the aspect of
the multi-orbital nature of 3d atoms. In the field of iron-based superconductors, it is
now recognized that the orbital degrees of freedom play a crucial role not only in the
mechanism of superconductivity but also in the understanding of antiferromagnetic
metallic phase adjacent to the superconducting phase. Therefore, it is important to
include all of 3d orbitals in theoretical works of transition-metal compounds. Physical
properties of the typical transition-metal compound, chromium, must be accordingly
reinvestigated from this viewpoint. In this thesis, we theoretically study the elec-
tron dynamics in multi-orbital antiferromagnetic metals, especially focusing on iron
arsenide and Cr. Our aim of studying both materials is to deepen our understand-
ing of the physics of antiferromagnetic transition-metal compounds characterized by
multi-orbital nature.

The parent compound of iron-arsenide superconductors exhibits an antiferromag-
netism with stripe-type order below Néel temperature. The band structure of the
stripe phase is characterized by Dirac-type dispersions, which are induced by the
folded paramagnetic dispersion with multi-orbital nature. In the stripe phase, the
resistivity shows anisotropy in the conducting Fe-As plane. The experimental data
suggest that impurities play a crucial role in the anisotropy. We start with a five-3d-
orbital Hubbard model, and use a mean-field approximation. Then, we examine the
anisotropy of resistivity by applying the memory-function approach treating isotropic
nonmagnetic impurities. The resistivity obtained by the memory-function approach
yields a proper anisotropic behavior near the undoped region: The resistivity in the
antiferromagnetically ordered direction is first smaller than that in the ferromagnet-
ically ordered direction, and the anisotropy reverses as holes are introduced. The
origin of the anisotropy can be understood from the interplay of impurity scattering
and the character of Fermi surfaces including the Dirac-type one.

Motivated by the crucial role of orbitals in the iron-arsenide antiferromagnetic
metallic phase, we reinvestigate electron dynamics of the typical itinerant SDW metal,
Cr. We again use multi-band Hubbard model composed of 3d and 4s orbitals. After
the SDW mean-field approximation, we obtain the dynamical spin susceptibilities
and Ls-edge resonant inelastic x-ray scattering (RIXS) spectra by employing random
phase approximation. In our calculation, we assume the perfect commensurate SDW
state. We find a collective spin-wave excitation undamped up to ~ 0.6 eV. Above the
energy, excitations overlap individual particle-hole excitations as expected. In RIXS
spectra, particle-hole excitations with various orbital channels show a large spectral
weight, masking the spectra of the spin collective mode. However, it may be possible
to detect the spin-wave excitation in RIXS experiments in the future if resolution is
high enough.
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Abstract

The above two topics in this thesis provide the evidence of crucial roles of 3d orbitals
in the antiferromagntic metal of 3d transition-metal compounds. This contributes to
the deeper understanding of the physics of multi-orbital antiferromagnetic metal.
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Chapter 1
INTRODUCTION

After the discovery of iron-based superconductors and succeeding intensive study of
related materials, it is recognized that the interplay of spin and orbital degrees of
freedom is crucial for understanding the physical properties of transition metal com-
pounds. These degrees of freedom are expected to relate to the pairing mechanism
in superconducting phase of iron-based superconductors. The itinerant anitiferro-
magnetic phase is adjacent to the superconducting phase of iron arsenide. Since the
antiferromagnetism comes from the nesting of Fermi surface involving multiple 3d or-
bitals, the investigation of the antiferromagnetic phase is suitable for understanding
a role of spins and orbitals. In addition, to deepen our knowledge, we also focus on a
typical material with itinerant spin-density wave (SDW) state, chromium (Cr).

In this chapter, we first introduce itinerant SDW in Cr in Sec. 1.1. Iron-based
superconductors are introduced in Sec. 1.2. The anisotropy of resistivity in iron
arsenide is introduced in Sec. 1.3. In Sec. 1.4, we introduce the collective mode in
Cr, and show the possibility of its observation by resonant inelastic x-ray scattering.
Finally, we give the purpose of this thesis in Sec. 1.5.

1.1 Spin-Density Wave in Chromium

Antiferromagnetism in Cr was first observed by Shull and Wilkinson with use of
neutron diffraction [1]. After several years, Corliss et al. noticed that the antifer-
romagnetism in Cr is not simple [2]: While the spin is aligned alternately up and
down in short-range scheme, the spin moment is modulated in long-range scheme.
The modulation wave of spin moment is referred to as SDW. In 1962, Overhauser
explained that a good nesting of Fermi surfaces, i.e., a coincidence of shapes of an
electron-like Fermi surface (an electron pocket) and a hole-like Fermi surface (a hole
pocket), leads to the SDW order [3]. The wave vector of the SDW is determined
from a vector directing from an electron pocket to a hole pocket in wave-vector space,
which is referred to as a nesting vector. In this theory, energy bands are folded with
regard to the nesting vector, and energy-band gaps (referred to as SDW gaps) open
at crossing points of the folded bands. The theoretical treatment of opening gaps and
stabilization of the SDW state is very similar to those in a superconducting state [4].
The nesting condition is written as

co(k) —ep = —(en(k+ Q) —ex), (1.1)

where ey is the Fermi energy, £.(k) and e;, (k) are the energy dispersions of the electron
pocket and the hole pocket, respectively, and k is the wave vector near the Fermi-
wave vectors. @ is a nesting vector, which is almost the same as an SDW vector. A
difference between the wave length of SDW and the periodicity of the lattice leads to
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an incommensurate SDW.

In the system that has only well nested electron and hole pockets, the stabilization
of the SDW state leads to a full gap in its band structure, implying that the system
becomes insulator [5]. However, if there are other Fermi surfaces not contributing
to the nesting condition, the system is still metallic after the SDW transition. Cr
belongs to such itinerant SDW materials, and its physical properties have been well
established theoretically and experimentally [6, 7, 8]. There are also many other
materials with itinerant SDW state [9]. Iron-based superconductors discussed below
also have the itinerant SDW state.

The crystal structure of Cr is a body-centered cubic (BCC) lattice, and the spin
configuration is antiferromagnetic, where the spin at the center of the BCC lattice
directs opposite to the spins at the corners of the lattice. There are many first-
principles band-structure calculations of paramagnetic Cr, elucidating the nesting
of its Fermi surfaces leading to the SDW order [10, 11, 12, 13, 14]. Figure 1.1(a)
shows the Fermi surfaces of Cr in the paramagnetic phase. They are composed of
an octahedral electron pocket at the I' point [the wave vector k = (0,0,0)] and an
octahedral hole pocket at the H point [k = (27/a,0,0)], which are almost the same
shape. However, a slight difference of the size of these octahedrons leads to the
stabilization of the incommensurate SDW state. The nesting vector is Q = 7r(1 -
9,0,0), where a is a lattice constant of BCC structure and § = 0.048-0.05 [15, 16, 17].
Note that we can adjust the Fermi energy to make @ in Eq. (1.1) commensurate
(6 = 0) by doping aliovalent atoms. When the Mn (Fe) concentration x in Cr;_,Mn,
(Cri_zFe,) exceeds 0.003 (0.02), a commensurate SDW state is stabilized [7].

It is well known that a longitudinal SDW (L-SDW) phase appears below 122 K and
a transvers SDW (T-SDW) phase does between 122 K and 311 K [6]. Figures 1.1(b)
and (c) schematically show the T-SDW and L-SDW, respectively.

1.2 Iron-Based Superconductors

1.2.1 Overview

After the discovery of iron-based superconductors LaFePO;_,F, in 2006 [18] and
LaFeAsO;_,F, in 2008 [19], many researchers in condensed matter physics began to
study them and their related materials. This is not only because the compounds with
iron, conventionally considered to be unsuitable for a component of a superconductor,
show superconductivity, but also because they have prominently high superconduct-
ing transition temperature 7, = 26 K. The details have been described by review
articles [20, 21, 22, 23, 24] or books [25, 26, 27]. Review articles focusing on super-
conductivity [28], magnetism [29], and optical conductivity [30] are also available.
One of the most noticeable features of iron-based superconductors is that they
are quasi-two dimensional system. The primitive unit cell of LaFeAsO is shown in
Fig. 1.2. It has iron-pnictogen (pnictogen is a chemical element of group 15 in the
periodic table, e.g., As, P, etc.) layers, and Fe atoms form square lattices in the layers.
Other ions out of these quasi-two dimensional structures scarcely contribute to the
transport of electrons. The low dimensionality enhances electron correlation, which
is considered to be the origin of high-temperature superconducting transition.
Several other classes have been found in the surveys of iron-based superconductors.
Rotter et al. discovered T. = 38 K in Bag ¢Ko.4FeaAsy [31] soon after the discovery
of iron-based superconductors. AFesAsy, where A is alkaline earth metals (A = Ba,
Sr, Ca), is referred to as 122-type compounds, while LaFeAsO is referred to as 1111-
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Fig. 1.1 (a) Fermi surfaces of Cr in the first Brillouin zone. Green surfaces
are hole pocket, while blue ones are electron pockets. The quite well nesting of
hole pockets at I point and electron pockets at H points causes the SDW in Cr.
An white arrow is a nesting vector. (b) A schematic diagram of T-SDW, where
the spin polarization S is perpendicular to the SDW vector Q. (¢) A schematic
diagram of L-SDW, where the spin polarization is parallel to the SDW vector.

type compounds. Since large single-crystal samples (several mili-meters order) are
available in the 122-type compounds, the systems are the comparably well investigated
experimentally and theoretically among iron-based superconductors. In this thesis,
we investigate the anisotropy of resistivity in BaFesAsy and carrier-doped one.

Another noticeable feature of iron-based superconductors is that their parent com-
pounds have an itinerant antiferromagnetic phase. The Néel temperature is sup-
pressed and the superconducting phase appears with doping isovalent or aliovalent
ions. Figure 1.3 shows the typical phase diagram of iron-based superconductors. The
relation of magnetism and superconductivity implies that the high-temperature su-
perconductivity originates from the magnetic fluctuations.

The iron-based superconductors have a structural phase transition slightly above
the Néel temperature, where the structure changes from the tetragonal one to the
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Fig. 1.2 The primitive unit cell of LaFeAsO, which is composed of FeAs layer
and intercalation ions, La and O.

Temperature

Fig. 1.3 The typical phase diagram of iron-based superconductors. 122-type
compounds have the coexistence phase of antiferromagnetism (AFM) and su-
perconductivity (SC), while 1111-type compounds do not. The nematic phase
emerges through the change from four-fold symmetry to two-fold symmetry by
structural phase transition.
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Fig. 1.4 Fermi surface of LaFeAsO in the first Brillouin zone. Fermi surfaces at
the center of the Brillouin zone are hole pockets, while ones at the corners are
electron pockets.

orthorhombic one with lowering temperature. This means that the Fe squared lat-
tices are distorted to rectangle lattices. The phase below the structural transition
temperature is referred to as a nematic phase.

1.2.2  Fermi surface and antiferromagnetism

Reflecting the small crystal-field energy splitting of each orbital in iron-based super-
conductors, multiple Fermi surfaces with multiple 3d-orbital components appear in
the Brillouin zone. Figure 1.4 shows the Fermi surface of LaFeAsO obtained from
a first-principles calculation. There are three hole pockets around I' point and two
electron pockets around M points, which are consistent with the measurement of
angle-resolved photo emission spectroscopy (ARPES) [32]. Thanks to the quasi-two
dimensionality, the Fermi surfaces are almost cylindrical. Fermi surfaces in other
iron-based superconductors are almost same as those in LaFeAsO. This is due to the
fact that characters of FeAs planes dominantly appears in the Fermi surface.

The good nesting of hole pockets and electron pocket is confirmed by the emergence
of the antiferromagnetic phase. Because of its nesting vector, the configuration of the
antiferromagnetic order is stripe [33]. The stripe antiferromagentic order was at first
predicted by theory and the measurement of optical conductivity [33], and sooner
confirmed experimentally by neutron scattering for 1111-type compounds [34, 35]
and 122-type compounds [36]. The configuration of the spin alignment is shown in
Fig. 1.5. We define a-axis as an antiferromagnetically ordered direction, and b-axis
as a ferromagnetically ordered direction. The four-fold symmetry of the crystal is
broken to the two-fold symmetry by the structural phase transition above the Néel
temperature, and the symmetry of the spin alignment is also the two-fold symmetry.

The band structure in the antiferromagnetic phase is basically obtained by recon-
struction of paramagnetic band structure through a folding of the electron band and
an opening of the SDW gaps. Figure 1.6 shows the electron band structure near
the Fermi energy in 122-type compounds in the antiferromagnetic phase [37]. It is
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a

Fig. 1.5 Spin configuration of iron arsenide in antiferromagnetic phase. The spin
aligns antiferromagnetically in one direction, and ferromagnetically in another
direction. a-axis is along the antiferromagnetic-ordering direction, and b-axis is
along the ferromagnetic-ordering direction.

interesting that Dirac-type linear dispersions (Dirac cone) whose point nodes exist
very near the Fermi energy appear. The transport coefficients of iron arsenide in
the antiferromagnetic phase are mainly attributed to the Dirac cones [37]. The exis-
tence of Dirac cones in the antiferroamagnetic phase is predicted by SDW mean-field
analysis [38, 39], and confirmed by a measurement of ARPES [40].

1.2.3 Superconducting pairing

It was suggested, soon after the discovery of iron-based superconductors, that the
superconducting pairing in iron-base superconductors is mediated by a spin fluctua-
tion in analogy to cuprates [41, 42]. This is guaranteed by a large spin fluctuation in
the superconducting phase observed as a large peak structure in neutron-scattering
experiments [43]. The superconducting pairing mediated by spin fluctuation is so-
called s4-wave superconductivity. This is because the sign of superconducting order
parameters at hole pockets are different from ones at electron pockets if we assume
the spin-fluctuation mediated superconducting pairing mechanism.

However, the si-wave superconductivity is weak against disorder, in contradic-
tion to experiments that the superconducting phase is robust against doped impuri-
ties [44, 45, 46] or defects made by irradiation of a-particle [47] or proton beam [48].
Onari and Kontani suggested that the superconducting pairing in iron pnictide is
mediated orbital fluctuation that superconducting phase is robust against the disor-
ders, which is referred to as sy, -wave superconductivity due to the sign of the order
parameters in the Fermi surfaces [49]. The s -wave mechanism can also explain the
peak structure appearing in the spectrum of neutron scattering. The mechanism of
the superconductivity in iron-based superconductors is still controversial.

Anyway, it is no doubt that both the spin and the orbitals of 3d electrons play an
important role in iron-based superconductors. We can expect that understanding the
orbital character in the antiferromagnetic phase leads to useful hints of the pairing
mechanism.
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Fig. 1.6 Left panel: The band structure near the Fermi energy in the SDW
state of 122-type iron-based superconductors. Right panel: The magnification
of the band structure near the Dirac point indicated by the circle in the left
panel. Reprinted with permission from T. Morinari et al. [37]. Copyright 2010
American Physical Society.

1.3 Anisotropy of Resistivity in Iron Arsenides

The anisotropy in the FeAs plane occurs through the breakdown of the four-fold
symmetry by the tetragonal-to-orthorhombic structural phase transition and stripe-
antiferromagnetic phase transition. The anisotropy is also appears above the struc-
tural phase transition due to a nematic fluctuation. A nematic state with two-fold
symmetry distinguishes two Fe-Fe directions. The nematic character is first observed
by measurements of anisotropy of resistivity with uniaxial pressure detwinning the
polycrystalline sample [50]. The nematic order is proved to be intrinsic by measuring
the magnetic torque [51]. This implies that the anisotropy of resistivity is ascribed
from not uniaxial pressure but the nematic order. The signature of the nematic order
appears not only the anisotropy of resistivity [50, 52, 53, 54, 55, 56], but also the
anisotropy of optical spectra [57, 58, 59]. In addition, the anisotropic state directly
observed by scanning tunneling spectroscopy [60, 61] and NMR [62]. Furthermore,
the orbital ordering in nematic phase is clearly shown by ARPES [63].

The origin of the anisotropy appearing in optical conductivity can be explained
from the band structure of iron arsenide [64, 65]. Since only direct optical transitions
dominantly contribute to its spectra, the orbitals of an initial state and a final state in
an optical transition play important roles in the anisotropy of optical conductivity [65].
However, the situation is different with regard to the anisotropy of resistivity. In
calculations of resistivity, we should determine what scatters electrons in iron arsenide.

The anisotropy of resistivity is measured above the structural transition temper-
ature Ty and the antiferromagnetic transition temperature Tx. One of the possible
origins of the anisotropy above the transition temperatures has been suggested based
on spin fluctuation [66]. In this assumption, the spin fluctuations scattering electrons
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Fig. 1.7 Experimentally observed temperature dependence of anisotropy
of resistivity in (a) Ba(Fep.9sC00.02)2As2, (b) BaFez(Asg.s7Po.13)2, and (c)
Bag.gaKo.16Fe2Asa. The red curve and the blue curve indicate the resistivity
along a- or b-axis, respectively. Reprinted with permission from S. Ishida et
al. [70]. Copyright 2013 American Chemical Society.

develops just above the transition temperatures, which is considered as the origin of
the resistvity. Hot spots ascribed to the elliptic electron pockets and circular hole
pockets lead to the anisotropy of charge transport. Another possible origin is orbital
ordering [67, 68] that may contribute to the pairing of electrons in superconducting
phase. Although a prediction of the conductivity derived from Drude weight is incon-
sistent with experiments [69], the resistivity including impurity scattering reproduces
the anisotropy observed in experiments [68].

Since the antiferromagnetic phase has electronic states different from that of the
paramagnetic phase, the origin might be distinguished from those in the paramagnetic
phase. Resistivity measurements for detwinned samples of Co-doped BaFezAsy [50,
56] have clearly shown that in-plane anisotropy is strongly enhanced below Ty. In
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the antiferromagnetic phase of parent compound BaFes;Asy, the anisotropy almost
disappears with annealing the sample [53], while it remains finite in Co-doped and
P-doped samples [56] as shown in Fig. 1.7 (a) and (b), respectively. This result
suggests that the anisotropy of resistivity should be induced by impurity scattering of
Co atoms substituted for Fe atoms. In hole-doped compounds (Baj_,K,)FesAss, the
anisotropy disappears [70] and reverses [71] as shown in Fig. 1.7 (c¢). This reversing of
the anisotropy has been proposed theoretically by taking into account spin fluctuation
in the nematic state of paramagnetic phase [66, 71]. However, this theory cannot be
applied to the antiferromagnetic phase. It is still unclear whether the effect of impurity
is crucial in accounting for the anisotropy [72] or the Drude weight defined without
impurities is enough for this purpose [73, 74, 75].

Reflecting the importance of understanding the nematic phase in the study of iron-
based superconductors, there are several reviews focusing on this phase. The progress
of investigation on electronic anisotropy is summarized by Fisher et al. [76]. The origin
of nematic phase is discussed in a review article written by Fernandes et al. [77].

1.4 Resonant Inelastic X-ray Scattering: a newly appearing

probe of collective mode

Taking the opportunity of the discovery of iron-based superconductors, the spin dy-
namics of itinerant antiferromagnetic systems with multiple 3d orbitals has attracted
much attentions again. The aspect of 3d-orbital degrees of freedom is also newly
focused on. Although Cr as representative material of itinerant SDW has been inves-
tigated for long time, it is important to reinvestigate at Cr again from the view of
orbitals.

The spin dynamics of the incommensurate Cr has been investigated by the mea-
surements of neutron scattering, optical conductivity, and NMR until now [6, 7.
Especially, neutron scattering is considered as the most powerful tool for the inves-
tigation of spin excitations. The incommensurate spin excitations in the low-energy
region (<100 meV) have been clarified experimentally [8] and theoretically [78, 79].
However, the spin dynamics in the high-energy region, where the interplay of collective
spin-wave excitation and individual particle-hole excitation is expected to occur, has
rarely been examined except for the data up to 550 meV with a large error bar [80].

Another candidate for observation of collective mode is resonant inelastic x-ray
scattering (RIXS) [81]. The RIXS spectrum is theoretically written as the summation
of spin and charge susceptibilities reflecting these collective modes. Moreover, the
coeflicients in the summation depend on the orbitals of excited electrons, which allow
us to observe the orbital degrees of freedom. However, the observation of collective
mode in RIXS requires large x-ray flux, whose magnitude was hard to achieve ten or
more years ago.

Resent developments of x-ray synchrotron radiation faculty have solved these prob-
lems [81]. Accompanying with the developments, the resolution of x-ray scattering
spectrum is in the order of several hundreds meV. We can now regard RIXS as a
complement of neutron-scattering experiments for detecting spin excitations.

The theoretical calculation of spin susceptibilities [82] and RIXS spectra [83] in
antiferromagnetic phase of iron arsenide has already been carried out. The calcu-
lated RIXS spectra illustrate the relationship between orbital excitations and spin
excitations. The RIXS is thus a powerful tool for detecting the orbital physics.
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1.5 Purpose of This Thesis

The purpose of this thesis is to elucidate roles of orbitals and spins in transition metals
and their compounds. The metals with an SDW state are suitable for this purpose.
Thus, we focus on iron arsenide and Cr. Iron arsenide is one of the high-temperature
superconductors, and the understanding of its physical properties is highly desired.
Cr is a representative material of an itinerant SDW. The basic knowledge of this
material is well established, but multi-orbital nature is still not known well. These
two materials are the best choice for the study of multi-orbital antiferromagnetic
metals.

We first introduce the model and methods used in this thesis in Chap. 2. We derive
the multi-orbital Hubbard model in Sec. 2.1, which is the basis of our study. The
antiferromagnetic state is obtained by a mean-field theory of the Hubbard model.
Next, we derive the formula of resistivity (Sec. 2.2) and RIXS spectra (Sec. 2.3) to
be used in iron arsenide and Cr, respectively.

In Chap. 3, we theoretically examine the resistivity in the antiferromagnetic phase
of iron arsenide at zero temperature. The Fermi surfaces in the AFM state, including
Dirac pockets [38, 37|, are distributed near the I" point in a doping-dependent manner.
The anisotropy of resistivity obtained by a memory-function approach [84] taking
into account impurity scattering is consistent with the experiments near the undoped
region, where the resistivity in the antiferomagnetically ordered direction is smaller
than that in the ferromagnetically ordered direction. We find that the anisotropy
of the scattering rate is independent of hole concentration, once the two electron
pockets above and below the I'-point hole pocket disappear. On the other hand, the
anisotropy of the Drude weight monotonically decreases reflecting the distortion of
the Dirac Fermi surface, and this eventually leads to the reverse of the anisotropy of
resistivity. The reverse has been observed in experiments [71]. These results indicate
that the origin of the anisotropy is attributed to the interplay of impurity scattering
and anisotropic electronic states, both of which are strongly influenced by the topology
of the Fermi surface.

For understanding the dynamical properties of multi-orbital systems, we investigate
Cr with a commensurate SDW state by using a multi-band Hubbard model composed
of 3d and 4s orbitals in Chap. 4. After a self-consistent calculation based on an SDW
mean-field approximation, we obtain the dynamical spin susceptibility by employing
random-phase approximation. We find a collective spin-wave excitation undamped
up to ~0.6 eV. Above the energy, the excitation overlaps individual particle-hole
excitations, leading to broad spectral weight. From the results of the longitudinal
spin susceptibility, we find that its spectral weight is mainly distributed above the
energy of the spin-wave mode. We expect that these features may be observed in
inelastic neutron scattering experiments in the near future.

RIXS tuned for the L edge of transition metal has been recognized as a powerful tool
to investigate not only charge and orbital (d-d) excitations but also spin excitation
in the energy and momentum spaces. By using a fast-collision approximation for
the RIXS process, we calculate Cr L-edge RIXS intensity and compare the spectrum
with inelastic neutron scattering spectrum. We find large spectral weight coming
from particle-hole excitations with various orbital channels. This eventually makes
the collective spin-wave excitation less visible. This is a contrast to cuprates, where
the spin-wave excitation has been clearly observed in the Cu L-edge RIXS [85, 86].
However, since there are remnants of the spin-wave excitation, it may be possible to
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observe the excitation in RIXS in the near future.






Chapter 2
MODEL AND METHODS

In iron arsenide and chromium (Cr), which we are treating in this thesis, their Fermi
surface is composed of 3d-orbital electrons (4s-orbital electrons is hybridized in the
band structure near the Fermi surface in Cr). In order to investigate the electron
dynamics of these materials, we use a multi-orbital Hubbard model. The characters
of d orbitals are included in the kinetic terms as hopping integrals. On-site Coulomb
interactions between 3d-orbital electrons are also orbital-dependent. However, since
they exhibit a bit complicated form, we assume that on-site Coulomb interactions are
independent of a kind of orbitals.

The ground state of these materials is a spin-density-wave (SDW) state. This state
is obtained from a self-consistent calculation based on a mean-field approximation
applying to the multi-orbital Hubbard model. The process of obtaining the SDW
order parameter is very similar to the process of obtaining a superconducting order
parameter from Bogoliubov-de Gennes equations. After obtaining the order parame-
ter, we mainly derive two physical quantities; resistivity and resonant inelastic x-ray
scattering (RIXS) spectrum.

The resistivity is calculated from a memory-function approach. This approach is
applied to the calculation of resistivity with dilute impurity scattering. The original
work of memory function is applied to single-band electron gas. We improve the
memory-function formalism to be capable of applying to multi-orbital systems. This
result is applied to the calculation of the anisotropy of resistivity in iron arsenide in
Chap. 3.

The RIXS spectrum is calculated from charge and spin susceptibilities. The sus-
ceptibilities are obtained from random phase approximation (RPA). Thanks to recent
developments of energy resolution, RIXS becomes a new tool for detecting charge and
spin excitations. We apply the formula of the RIXS spectrum to Cr in Chap. 4.

2.1 Multi-Orbital Hubbard Model in Antiferromagetic Phase

In this section, we introduce a 3d-orbital Hubbard model, which contains multi-orbital
characters. The Hamiltonian of this model consists of kinetic energy terms includ-
ing hopping integrals and on-site Coulomb interaction terms. To obtain the SDW
ground state, we make use of a mean-field approximation to the on-site interaction
terms. The order parameter in the SDW state is obtained by numerical self-consistent
calculations. We also derive Green’s function of the multi-orbital Hamiltonian.

13
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2.1.1 3d-orbital Hamiltonian

We consider a system where one unit cell contains one 3d-transition metal atom.
The lattice spacing is set to be unit length. The 3d-orbital Hamiltonian with on-site
Coulomb interaction is written as Hsq = Ho + Hint [87], where

— . T
HO - Z Z {t(Alﬂ’ Hs l/) + 6#5/»"’”} ci#acjlla (21>
i7j G-7IJ'7V
and
mt —{ E U, nzp,anzu —0 + E U Vnzp,(rnzu —0 + E l,L v u V)nzuanulo
i,,0 i, uFv,o 1, uAV,T
§ : J, 7VCZ;J,UCZ#:_0'CU/ —UCZVO' + E : u v ’LMO’ zu,—o‘cﬂ/y_ffcil’ﬂ} (22)
—— i ptv,o
with niue = ¢;,,Cipo, Where cyo (cwo) is an annihilation (creation) operator of

an electron at site ¢ with spin ¢ and orbital p. They satisfy the following anti-
commutation relations

{Ciﬂfﬂ CjVU’} = {CIMU’ C;r'ua’} =0 (2‘3)
{CinosClygr} = 0:.30u000.00. (2.4)

t(A; j; 1, v) is a hopping integral between site ¢ with orbital y and site j with orbital
v, and ¢, is on-site energy of orbital u. U,, U, ., J,,., and JL , are called inter-
orbital, intra-orbital, Hund’s coupling, and pair hopping interactions, respectively.
We assume that J /Iw/ = J,,» and they are independent of the orbital index; U, = U,

Uyp, =U’, and J,, = J. Imposed rotational symmetry U’ = U — 2J, Eq. (2.2)

becomes
U —2J U-3J
1nt 5 NipoMip,—o 2 E NipeNiv,—o + 2 5 NipocNive
ip,0 1, uFV,0 i,p#v,0
J S t J 3 f
- 5 Ciuaciﬂa—ffcimfoci’/o' + 5 CiuUCiVUCimfo‘CiV,—U' (25)
(Y LpFEV,0

The Coulomb term Hy proportional to U, reads

u S i
HU :5 ciuaciltaciu,—aciﬂu*(f

i,p,0
u RE t t tt
+ 5 {Ciuaciﬂgcil/,faci%—o' + Ciuac’iﬂ”cil/aciuo}
’i,l,L:,éV,O'
U t t
=0 it (1= o) (2
,p,v,0,07

and the exchange term H; proportional to J reads

g=—4J CinoCl Ci —|-3Jr CinaCl i
- zuo o iy, —o S, —0 9 Tipo LUO Zipo T
i, WFEV, 0
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T T T T
+ §ciuaci/£7_aciu,—acil/0' - icz’;m'cl”a'cz,u, —oCiv,—0o

J
= Z {cguaciﬂgcj;ua’cilfg'(2 + 50,0’)

i, uFv,0,0'

2
< Z}LO’CZVUCZVU/CZMUI + czuac’wacjuo’ciua' ) (1 - 50,0/)}' (27)

2.1.2 Mean-field approximation

Generally speaking, it is difficult to solve a many-body problem. In order to convert
it to a one-body problem, we apply the mean-field approximation to the interaction
Hamiltonians. For Hy,

.I.
CipoCipo Cipor Civa'

= {<C;'r#a—ci,u0'> C;‘rygf Civo' + C;‘r“o—cip,a <C;‘r,/o—/ cil/a'/> - <Cz;mciw> <CIVU’C7;VU,>}
- 5‘7:‘7' {<C;ruoci7/0'> C;ruacil/ﬂ + C;r,uO'CiVU <Czuaci#‘7> - <C7],'L;1,UC@'VU> <C7Jlruoci#0'>} (28)

because the Wick’s theorem says

T T
<Ciuacillﬁciua/ Civo’

= <lelacil“7> <C;'ruo’0il"7’> - <CIMUCZ-V‘7,> <c;'ru0"ciluf>
:<{<C;m'cilﬂ7> C;'rua’cwo'/ + C;[,ua'cilw' <C;/o’cil"7'> - <C;[,ua'cilw'> <C;rya’cil’0'/>}
- 5070' {<Cz,uacil/0> cjuacilﬂf + CIMUCWU <c;‘ruaci/ﬂ7> - <ijacil’0> <C;ruaci#0>}>'

(2.9)

We also obtain, for Hy,

T T
ci,uociwfcil/a’ciligl (1 - 50'70'/)

~ i T T T
- {<Ciuaci’/0' Civo Cipo’ + Ciuaciya Civo' Cino’ zuaC“’U zua’CZP«U

x (1 =040 (2.10)

and

T T
Ciugczuacz‘uglcil/o" (]— - 5070’)

~ T T T T T T
— {<Ci“o'cil/o' Ci#g/civa' +Ciugciuo ci“o'lcil/o', - Ciugciuo Ci#o'/cil/o'/

X (1—68,00). (2.11)

With wave vector k in a periodic boundary condition, we can write the annihilation
and creation operators as

1 .
ik-r
Cive = 5 € Ckvo
vIN A

1 .
T —ik-r; T
Co = E e . 2.12
o /N - kpo ( )
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respectively, with the number of lattice point N. We define

Nipvo = wocm E nqu,,,,e (2.13)

Nguve = N Z ChpoCh+qvo- (214)
k

The mean-field 3d-orbital Hamiltonian is H%F =Hy+ H (1}/IF + H }}AF, where

ZZZ ’/’L7 1k'AC1I-c'ugcku0'7 (215)

k,o p,v A

- UZ Z Z Z (nguvior) = (Ngupo) | Ouw — (Rguuo) (1 — 0pw)

ko 1wy q v',o!
T
X Choy g po Chvo + Cu, (2.16)
and

=222

kO’M,

[{_3 (Z (ng,v'v0) — <”qu/w>> —2 (Z (ngqu'v',—o) — <nquu,a>> } Opv

+ {3 (nqupo) + (nqup,—o) + (nquv,—o)} (1 = 5#ﬂ/)] CJIrc—s—q,uackw +Cy. (2.17)

Here, Cy and C; are constant terms. To confirm whether the considered state is the
ground state, we should estimate the total energy containing these constant terms.

2.1.3 Spin-density wave

The Brillouin zone with an SDW is folded to 1/Nspw as compared with the original
paramagnetic Brillouin zone, where Ngpw is a period of the SDW. (ng,.») appearing
in Egs. (2.16) and (2.17) is non-zero if g =1Q (I =0,--- , Nspw — 1), where Q is an
SDW wave vector [88]. The summation of k becomes

Nspw —1

k—ko+mQ, > —> >, (2.18)
k ko m=0

where the summation of kg is over the 1/Ngpw folded Brillouin zone. The Hamilto-
nians in Egs. (2.15), (2.16), and (2.17) with the SDW are written as

Hy=3 3> ChpimQuuo {Z (A; p, V)e‘i"“*mQ)‘A} ChotmOwo,  (2.19)

koo pw m

=U Z Z Z CLoer'Q,ua{ <Z <n(m’—m)Q,y/V’a/>

ko,o0 p,v m,m/’ v',o’
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_ <n(m’—m)Q,,u;La>> 5u,u — <n(m/—m)Q,wLJ> (1 — 6u,u)}ck0+mQ,Vay (220)

and

HiT =T33 D Chimquo

k,o p,v m,m’

x {=3 ((nem—m)@.o) = (Mm—m)Q@uuo)) = 2 ({(Pm—m)@,—0) — (R(m/—m)Quu—0)) }

X B+ (3 (M —m)@uume ) + (1w —m) Q) + (P —m) Qo)) (1 = b))

X Cko+mQ,vos (221)

respectively. Here, we define ngn/—m)yQue = Mm/ —m)Quue a0d Nom—m)Q.o =
> N(m'—m)Q,'o- Lhe mean-field 3d-orbitals Hamiltonian with SDW can also be
written as

H:)l’\gF - Z Z Z cLo+m/Q7M0' (H’%Fg)u,m’;u,m Clo+mQ,vos (222)

ko,o p,v m,m’

k.o is the matrix element of the mean-field Hamiltonian.

where <H ME )
wom/sv,m
By Bogoliubov transformation, we obtain its wave function and energy. The oper-

ator of an electron transforms as

Cko+mQ,uoc = Z wu,m;e(k’Ov U)’Yko,c,a (223)

with wave function ¢, .,.c(ko, o) and band quasi-particle operator v, ., where €
is the band index. g, satisfies an anti-commutation relationship of ordinary
fermions. The number of band index is equal to the product of Ngpw and the number
of orbitals. The Hamiltonian becomes

‘Hé\gF = Z Z Ekmgg’)/’to’s’o.'yko,e,g, (224)

ko,0 €

where Ey, - is the energy of the band quasi-particle. Note that Bogoliubov trans-
formation is an unitary transformation, which satisfies

> pmie (Ko, )8 s (Koy &) = 8y s S (2.25)

(nguve) is written with band quasi-particle operators as

1 1
<le,;wa> :N Z <CLMO—C,€+ZQ7VO'> = N Z <CLO+mQ7HJCk:O+(m+Z)Q,ucr>
k ko,m
1 *
:N Z Z wu,m;s(kﬂ’ U)T/JV,erl;e(km U)f(EkaJ)v (2.26)

ko,m €

and this equation implies (n_iQ o) = <”lQ,ww>*- In Eq. (2.26), we use the relation

(Moo ) = F (Eng ) Scsr (2.27)



18

Chapter 2 MODEL AND METHODS

where f(E—E.) =1/ (e(E_EC)/kBT + 1) is a Fermi distribution function with chem-
ical potential E.. We can obtain a self-consistent result of (ng,.») by diagonalizing
Eq. (2.22) and calculating Eq. (2.26), repeatedly.

2.1.4 Multi-orbital Green's function
With use of the band-quasiparticle annihilation operators ~.(ko, o), the electron an-

nihilation operator c;,, becomes

l(ko-‘er)""i Cho-+mQ. o

cwg:\ﬁz

kom

\/» Z Zel(ko+mQ) " mie (K0, 0) Vheo .o (2.28)

ko,m €

Temperature Green’s function of band quasiparticles is given as
Geror o (Ko, 73 kg, 7') = — <T7ko,e,a(7)%1/ o U(T’)>

hﬂ Z GMF (ko icon —iwn (1—7 )(56’6,5,607%’ (2.29)

where 7 is an imaginary time and
GMF (ko o) = !
o iy, — (B — Ee) [
2n+ 1)
Wy =——FF—
hB

Since the temperature Green’s function depends on 7 — 7/, it can be written as

(2.30)

. n=0,£1,42, . (2.31)

gffjg(kzo, T:ky, ') = gi\ﬁf(ko, T — 7")56761(5,@0’%. (2.32)

Thus, temperature Green’s function of single electron is
gu,u,a(ria TiTj, T/) = - <Tciu0( )C;VO'(T/)>

N Z Z Z 1B Zg (Ko, dwn) iw"(T_T/)éevE"sko,%

ko,k: m,m’ €€

X Y y.m:e (Ko, )¢Vm e (Kb, o)e i(ko+mQ) i o —i(ky+m'Q)-r;

wume k ’ Wﬁm/;e(k 70)
*Z 225 hpB Z : Ec)o/h

Ek o,
ko m,m’ € Wn 0>

% e1(k0+mQ)-'ri7i(k:0+m Q) r; efiwn(rfr’)' (233)

2.2  Memory-Function Formalism

The memory-function approach for calculating the conductivity in homogeneous free
electron gas with dilute impurity is introduced by Gétze and Wolfle [84]. We expand
the memory-function formalization from the case of free electrons to the case of a
multi-orbital system.
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2.2.1 Conductivity by Kubo formula

The retarded correlation function of operators P and (), or the response P from
external field @) in linear response theory, is written as

o0
xpq(2) = (P;Q), = —i/ dte’ ([P(1),Ql), (2.34)
0
where P(t) is the Heisenberg representation of P. The equation of motion on P(t)
is aggt) = &[P(t), H*"!], where H'*"! is a full Hamiltonian of considering system.

Integrated by parts, Eq. (2.34) becomes

2(P;Q), = ([P, Q]) + <<[P H*™ Q).
=([P,Q]) - ﬁ<<P; (Q, H™™T) . (2.35)

According to Kubo formula, optical conductivity is written as [89]
i
Gaﬁ( ) ﬁ N {Xocﬁ( ) h <Ta5>} ) (2'36)
where z = w + in with an infinitesimal constant n and x.g(2 <<](‘1) 3B >>Z is the
current-current correlation function with o component of the current operator j (@)
To define the current operator corresponding to the Hamiltonian in Sec. 2.1, an
external field is introduced as Peierls phase in creation and annihilation operators;

IW oG A T’CLW Civg = €A (2.37)
where A is a vector potential. The Hamiltonian is expanded in terms of A as

1. 1
Hyg(A) = Hyg(0) = —j- A~ 5 A-TA+ O(A?), (2.38)

where j is a current operator and 7 is a stress tensor. In the case of the mean-field
Hamiltonian, i.e., H3q(0) = HMF, the current operator is given by

. OHMF
J=—c¢ aj‘d Z Z Je € kOa r)/ko €, o Vko,e’ o (239)
A=0 ko,o €€’
with
ie
e (ko,0) = 55 DD D Avgt(Aigi )
mooi,j pv

X e—l(k0+mQ) A1 ]T/}M m; €(k07 U)wy,m;e’ (’(707 O'), (240)

and the stress tensor is given by

ros = 33 79D (o ol Ak (2.41)

ko,o €,€’

with
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(aﬂ)(ko, ( ) ZZZA(a)A(ﬂ)t A, v)

mooQj v

« o~ i(kotmQ)-Aj Vo e (Ko, 0) Uy mier (Ko, 0),  (2.42)

where A( ) is the a component of A; ;. If we consider the Hamiltonian H%F, the
correlatlon function is written as

Ekoea _f(Eko€ 0’)

Xaa ZZ Ekoea_EkOE a)/h+

ko,o €,€’

(2.43)

2
) ko, )|

2.2.2 Memory function and resistivity

In order to take the effect of nonmagnetic impurity into account, we introduce an
impurity at site [ inducing a local potential iy, that acts equally on all of local
orbitals and conserves the spins and the orbitals in the scattering processes. The
Hamiltonian is written as

H, :Iimp Z Z Z Cz[ao-clacr
Z ZZ .t (Ko, ) Vko e,0 VKo (2.44)

ko,k o e

with

Ii,e’(k()?k())zlimp Z efi(kOfké)Jr(mfm')Q)"r‘z¢;7m;6(k07g)wmm/;e/(ké’o‘). (2.45)

wym,m/’

The total Hamiltonian of our system is thus H = H°%l = gMF 4 g’

In order to calculate resistivity, we make use of a memory function. The memory
function in a system with impurities represents a relaxation due to the impurities and
its imaginary part corresponds to the scattering rate of the system [84]. Therefore, the
memory function should vanish if there is no impurity. This condition will be satisfied
if the memory function can be expanded in terms of the impurity concentration c,
starting from the first order of ¢ [O(c)] [84]. Since we are interested in resistivity,
we have to consider the expansion in the limit of zero frequency, i.e., w — 0. Based

on these considerations, we introduce a memory function for multi-orbital systems,
defined by

B izIm xap(2)
Map(z) = iIm xap(2) + 2N Dap(z)’ (246)
where
Dup(z) = 5 (Rexas(2) - hlrag) (2.47)

D, (z = 0) corresponds to charge stiffness or Drude weight. The real part of the
optical conductivity is

2D p(2) Im M,5(%) ‘
h {w+ReMap(2)}* + {Im Map ()}’

We note that Eq. (2.48) leads to a Drude formula with scattering rate Im M,g, if
D,p(2) is independent of z.

Reoap(z) =

(2.48)
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M,p(z) given by Eq. (2.46) is slightly different from that for a single-orbital system:
iIm x4p in the numerator of Eq. (2.46) corresponds to Re xop +1Im xqp in Eq. (21)
of Ref. [84]. It is important to notice that Re x,p remains finite even if ¢ = 0. This
is due to the presence of interband transition in multi-orbital systems. Therefore,
removing Re x,p in our definition is necessary for satisfying the condition that the
memory function should be expanded starting from O(c).

When « = 3, we obtain from Eq. (2.35) that

2Xaa(2) = %<<A(a);j(a) >>Z
;Z (< {A(a) (a)}> — ;<<A(a);A(a)>>z> ; (2.49)

where A(®) = [j(®) Htotal] = Apparently, ([A(®),j(*)]) = %<<A(°‘);A(°‘)>>Z:0. Thus,

we obtain
oal?) =~ {{40540) —(aia@) } e

The commutator A(®) is explicitly written as

A= > ZZZA(Q)I ko, ko, o)vE (Ko, 0)ve (g, o) (2.51)

ko ki, g
with
AL ko, K, 0) = {Brg.erio — Brgrert I3 (Ko, )0k i
1 a
+N{Jgﬁ(ko,aﬂg,e,(ko,kg) 1 ko, k)T (K, ) ) (2.52)

Note that we ignore the inter-band matrix elements of the current operator taking
the view that the elastic scattering is prohibited in potential impurity scattering.
Regarding H' as a perturbation, the correlation function is

(o) - £EEs

O:k/ g

2
f(Ek{),e’,U) - f(Ek(),E,O')
2= (Biyero = Eoeo) /T
(2.53)
within Born approximation. We assume 2z Im x4q(2) = Im {2xaa(2)} since z = w+in,
where 7 is an infinitesimal value. This means

A(O‘)l (ko, K}, o)

(@). gla)Yy _ .
zIm ona(z) = - %I <<A ’ A >>7; <<A0“ Aa>>0
e Z > ZAE?IZ {F(Bryer0) = f(Brge0) )
ko,k 0 €€
X 0 (hw = (Egy et.0 — Ekgre0) /) - (2.54)

In the limit of w — 0, the right-hand side of Eq. (2.54) becomes

IPM B IEY

ko,k) 0 €¢

2
(Ek:(’),e’,a - EF) o (Ek:f),e’,o' - Ek:o,e,o') . (255)
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Note that M

in Eq. (2.55) 1mphes that the first term in Eq. (2.52) does not contribute to the final
result. In the dilute impurity concentration, we can approximate

—0(Eky,e,0 —EF) at absolute zero temperature. The J-function

Z A(a) l ’A(a) ) n Z ‘A(a) ZA(a) v
‘ 1AL
2
I (230
l

where N; = c¢N is the number of the impurity sites. The second term is neglected
because it is O(c?).

We find that the contribution from [j(®), H}F] in Eq. (2.52) vanishes in the limit
of z — 0. This guarantees that, in the limit of z — 0, M, (z) given by Eq. (2.46) can
be expanded starting from O(c). In the dilute limit of ¢, i.e., O(c), we obtain from
Eq. (2.54)

1 2
QNDQQ(O) il_I)I%]ZImXOzOt( )+O(C )

~ > Maa(ko,0), (2.57)

Maa (0) - -

where

Im M (Ko, 0) ZZZ‘A(“” (ko K ) 2

kj €€

X 5(Ek0’€70 — EF)(s(EkO’QJ — Ek67€/7g). (2.58)
With use of Eq. (2.57), where Re M4 (0) = 0, the resistivity is written as

1 _ hIm Maq(0)
Reoua(0)  2Dan(0)

Pa = (2'59)

The Drude weight (2.47) is evaluated from Eqs. (2.41) and (2.43).

2.3 Dynamical Susceptibilities and Resonant Inelastic X-ray

Scattering Spectra

Dynamical charge and spin susceptibilities represent the response of charge and spin
densities from the oscillated external fields. From the linear response theory, the
dynamical charge and spin susceptibilities are related to the correlation functions of
charge density and spin operators, respectively. In conventional way, charge suscepti-
bility is obtained from measurements of permittivity, and spin susceptibility is done
from the spectra of neutron scattering. RIXS is considered as a new tool for detecting
these excitations. The RIXS spectrum is written as the superposition of the dynamical
spin and charge susceptibilities; investigating the dynamical susceptibilities through
the RIXS spectrum allows us to know the electronic dynamics of the system both in
the charge and the spin channels.

In this section, we derive the dynamical susceptibilities within RPA, and RIXS
spectra within fast-collision approximation.
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2.3.1 Dynamical charge and spin susceptibilities

An external electric field E°* and an external magnetic field H* couple to the degree
of freedom on charge and spin, respectively. The deformation of Hamiltonian is

HX(t Z{n] |E (), )|+ 8;(t)) - H™(},t')}, (2.60)

where n;(t') and s;(t’) are charge density operator and spin operator at site j (position
r;) and time t’, respectively. The charge and spin operators are defined as

g = N4 4 + ng | (2.61)
and
1
Si,e = 3 (Sz‘,+ + Sz‘,—) y  Siy = 3F (Sz‘,+ - Sz‘,—) y  Siz = 3 (nm - ni,i) ) (2'62)
2 21 2
respectively, where
nivo— = ZCI,/,L7O'C7;7H70—7 S7‘7+ = CI,H,TC'L"/-th/ Si7_ = Cj,u,ici,#yT' (2'63)

m

According to the linear response theory, the deviation of charge density and spin from
their average value by external field is [88]

6(n(t))ex
6 (8i,2()) ex
0 (Si,y(t)) ex
6 (8i,2(8)) ex
ot [ e e (o)
:/_mdt’;m< sn] [syr50] [syisi] [sy.5] > oy |+ (260
[s2,n] [52, 54 [Szasy] (52, 82] Hzex<rjvt/)

where we omit ¢ and ¢ from the left operators in the commutators and j and ¢’ from
the right ones.
The retarded correlation function is defined as

DR (risty15,8) = =i [l g, (D6i002 (1), € iy () ()] ) 0.2 = 1), (2.65)

where s (s’) denotes a spin pair o102 (0304): s takes 1, |, +, and — corresponding
to 11, 1, T4, and |7, respectively. Corresponding temperature correlation function
depending on an imaginary time variables 7 is

DY, (ris 7575, 7) = = (T oy (Deiro (1)) iy (F)einn (7)) (2:66)
where the symbol T orders the operators according to their values of 7 with the
smallest at the right. T, also includes the signature factor (—1)¥, where P is the
number of permutations of fermion operators.
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2.3.2 Random phase approximation

Susceptibility is defined as

/ 1 ss’
Xisp (Tiat;rjat/) = _ﬁDR* © (rlvt rjat ) (267>

Lz

We abbreviate x(r;,t;7;,t) as x(r;,7j,t —t') since it depends on ¢t —t. Its Fourier
coefficient is

, 1 o0 L
X3 (4.4, w) -N Z/ dte 'amitia T e‘wtxigu (ri,rj,t)

Nh Z / dt elm < |:C;rc, K,01 (t)Ck/+q \,02 (t) C;rcu+q A, U3Ck- VU4]>
kl k//
(2.68)

The Fourier component of transverse spin susceptibility x ¥~ (v, 7, t) = ([si,+(t), s;,—]) /A,

longitudinal spin susceptibility x*(ri,r;,t) = ([si -(t),s;.]) /h, and charge suscepti-
bility x™(7;,7;,t) = ([ni(t),n;]) /h are written as

= in;(q, q,w) (2.69)

Z > {XW a, q,w)*xgz (q,q,w)} (2.70)

K o=1,{ e

and

Z > {XW q, q,w)+x?;Z (q,q,w)}, (2.71)

Ko o=1,|

respectively, where § denotes | (1) for s =1 (). Here, we consider only g = ¢’ term.
This is because q and g’ in Eq. (2.68) are restricted to the form k +[Q and k +1'Q,
respectively, where [ and I’ are integer.

According to perturbation theory, if Hamiltonian is written as H = H. %F + Hipt,
the average value of an operator A(7) written as Heisenberg representation is

aen -3 (-3) o [ an [ @ ) ) A,

n!
n=0
(2.72)
where the symbol ¢ at the right parentheses means that only connected Feynman
diagrams remain in the decomposition of Wick’s theorem and averages are taken with
non-perturbation Hamiltonian H%F. Note that the average on left hand side is taken
with total Hamiltonain H. Though, of course, H%F contains the interaction Hamil-
tonian in mean-field approximation level, we again add the interaction Hamiltonian
to treat the electron correlation in the SDW state.
Within RPA, the dynamical susceptibilities are connected to bare susceptibilities
xo through the relation

Xt Xo xo Vo P 2 Xt
XTl=(x |+ 0 VT x| (2.73)
M 0 0 AN R 7 M
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Table. 2.1 The non-zero elements of V%', where s = (01,02) and s" = (01, 03).
Each of the four subscripts takes one of the 3d orbitals.

o1 =09=01=0) o1=03F#0) =0, o01=0)#0y=0]
U=vV=K=A - U U
U=K#UV=2A - —J J
UW=VF#£K=A -U+3J -U+2J J
U=AF#V=K U-3J —J U-2J

The product of susceptibility x and interaction V is taken as a matrix product rep-
resented in the orbital basis such as

IXo VoIS x 2 s L (g, 7, t) = Z Xox wr (T, 71 )VS/IA/ Xi?s (r,7j,t), (2.74)

/
K/,A/”UA/J-//Z RV l/ K F\/ v

and their Fourier components are

[ngl VSLSQXSZS,]A . (q, q, w)

KV

= Y Y (@aHmQu)VIE N (4 +mQ.q.w). (2.75)

/ /
/ /7 ’ ’ iil/ h,l)
KN u v m

The nonzero elements of the interaction matrix VS§ are shown in Table 2.1.

v K

2.3.3 Bare susceptibility

The non-perturbation temperature correlation function Dy is

’
DUisu (ria T3 rj7 T/) = <T Cz K 0'1( )C’i7>\70'2 (T)C;r',p,gg (T,)Cj:’/704 (7—/)>

KV

0

= (T [einas ()]s O] (T [ehr0a(7)el (D],
(2.76)
We neglect the same-time correlation function in Eq. (2.76). We set 02 = 03 = o and
o1 =04 = 0'. Since Dy(r;, 7;7j,7’) depends on 7 — 7/, we set 7 — 7’ as 7, and

D03, (1,75, 7) = Ga o (P6, 75, T)Gu o (75, 72, —T). (2.77)

Its Fourier component is

s (wad g 9 (k2 ) rii(K =)o, i
OA;L( +§7k_§77’9 Z dre™ e D >\u (ri?rﬁT)
K Vv 76,7 KV

Nﬁhzzgk’” +k2+q gy T - 2q2,iwn+i§2n)

k2,q2 wn

a2 q2
v,K,0’ k P ko — )
X Gur,or (K2 + 5 k2 —
where w,, = (2n+ 1) /Sh and Q,, = 2n7/Bh. The Fourier component of temperature
Green’s function (2.33) is written as

iwy), (2.78)

k 1—1 k L) r; —iwnT q q
Gapo (Tis T, T) Nﬂhzze +E)r 3) e G0 (k+ §,k: 5 L iwn ).
7q Wn

(2.79)
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and the bare susceptibility is defined as

/ 1 ,
ol (K + 5k = 3.i0) = =5 Do (K + 2.k = 2.i0,). (2.80)
We set
, 1 +1s n
E=k+ 5 Q. qg=0L—-01)Q, kx=p+ §Q7 q2 = nQ (2.81)

D= Y =D (2.82)
ks P a2 n
where [; and [y are integer. With use of Egs. (2.33) and (2.79), we obtain

XOM (k+1LQ,k+1.Q,if,)

"/})\ml, k:07 )¢* ,Mo; e(k07 )
ZZZ Z ihw,, + 1hQ,, N_Ekoea'

wn PN kg,e m1,m2

X Ok +m1 Q. k+p+11Q0ko+m2Q ktpt(la+n)Q
% Z Z 1/111 ml,e k07 ,)¢:7mé;6’(k670/)

- Ek/ 6/ O./
k(. m’,m} 0:¢

ky+m,Q.pinQOkytm,Qpe  (2.83)

Figure 2.1 shows the diagram of the bare susceptibility (2.83). The summation over
Matsubara frequency is

1 1 f(E) - f(E)
= . 2.84
lehw + ih$2, —-F ihw, — E' E— E' —i”hQ), (2.84)
We set
P=po+mQ, > => > (2.85)
p Po m
and obtain

XOM (k+1LQ,k+12Q,i18,)

E J€,0 _f(E ’,e’,a'/)
ED DI IDY B fZ,Ek/e o,

Po m,n ko,e m1,mz2 kj,e’ m’,m)

X wkaml;e(k()? )wp ma; e(k07 )6’60+m1Q,k+P0+(m+ll)Q5k0+m2Q,k+po+(m+n+lg)Q

X wmﬁti;e’(’%v o )1/}:4 mbse’ (k07 /)5%+miQ,po+(m+n)Q5k{)+m’2Q,Po+mQ‘ (2'86)
This equation implies that

ko = k + po, my=m+ lq, mo =m+n+l (287)

ky = po, my =m+n, mhy = m. (2.88)

As a result, we obtain the representation of the bare susceptibility as

XOA“ (k+l1Q k+lQQ,lQ —>w—|—177)

_ +k60)_f(E 76’,0’)
- N Z 2.2 - — Epy.ctor —p;i(w +in)

Po Mm,n €, Ek+p07670

X w/\,m—i-ll;e(pﬂ + ka O—)w;,ernJrlQ,e(pO + k7 J) X 77b1/,m—§—n;e’ (PO, O—,)l/};:,m;e’ (p0> 0/)'
(2.89)
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Fig. 2.1 The diagram of bare susceptibility in Eq. (2.83). The solid lines of the
bubble indicate temperature Green’s functions of single electron. The upper line
is a particle line with frequency iw, + i€, and spin o, and lower line is a hole
line with frequency iw, and spin ¢’. Intrinsic degrees of freedom p, nQ, and iw,
are summed out.

2.3.4 Dynamical susceptibility in the ground state

We define the eigenstate |m) of Hamiltonian H with eigenvalue F,,, which
forms a complete set 1 = ) |m)(m|. The statistical average is written as
(o) = 23, e (m|---|m), where Z = Y, e #Fm is a distribution function.
The dynamical susceptibility (2.68) becomes

/ i o0 .
Xisu (q’q/7w) _ Z / dtelwtfnt
rv Nh k' k' 0

1 _
X E {Z € BE” <n’c£:’7,‘{70'1 (t)ck/-i-q,)\,oz (t) ’m> <m’61l;://+q/,lu,’o-3 Ck”,u,04 |n>
m,n

o Z e~ <m’6};”+q/7#»03 Ck' v,04 ‘n> <n’Cch’,n,al (t)ck’+q7/\,02 (t) |m> }7 (2.90)
m,n

where 7 is a convergence factor. With use of the Heisenberg representation ¢, »(t) =

eth/th,,u,Ueith/h, we obtain
(@) = —— Ty 1 1 58, (1 B eﬁ(En—Em)>
VACIE N et fw + En — Eny + il Z

X <n‘c;fc/,n,0'1 Ck'+q,\,02 ’m> <m’C1I;:”+q/,u,0'3 Ck'" v,04 ‘TL) (291)

At low temperature limit, it is enough for e #F» to consider only the ground state
energy I, = F,. In this limit, the distribution function Z = e PPy, Thus

/ 1
. s / - _ — ﬁ(Eg_EM))
%linoxi’i(q’q’w) NZZM+E9—Em+ihn (1 €

X {gleky oo Chrranos MY |Chi s ool waalg). (2.92)

With use of limp_,g e#Fs—Em) = Om.g>

lim x‘;j: (.4, w)
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(a) (b) (c)
Energy
A A A
hwk in .
Conduction Band hw
(o) [0 kout
€3d
Valence Band
E2p,j—@0—— —0——- —@—
Core State

Fig. 2.2 The schematically illustrated process of RIXS. (a) A photon with energy
hwy;, excites an electron at the core state with energy e2,,; to conduction band.
€sq is the average energy of conduction and valence band of 3d and 4s orbitals.
(b) The excited electron interacts with the electrons in valence band. In fast-
collision approximation, this process is neglected due to the very short time in
this process compared to the relaxation time. (c) The electron in valence band
falls into the core-hole state, and the photon is emitted with energy hwg,,, -

1 1
_ T T
- N kfzm<g|ck’7wlck’+q,*"’2 hw+ Eq — H +ihn Chr 1 q s K 04 |9)
e S (gl 9 {gleh 90 (2.93)
N hw + lh/r] 9 Ck/v”@o'lCk/—i_q)"o-2 91\9 Ck”“"q/v“vgsck”’y’a‘i 9)- '

k'’ ,kll

The second term in Eq. (2.93) is omitted at finite w.

2.4 Resonant Inelastic X-ray Scattering

The L-edge RIXS in 3d transition-metal compounds consists of two processes: The
x-ray absorption and emission by way of an intermediate state with core holes, as
schematically illustrated in Fig. 2.2. The x-ray absorption in Cr is accompanied by
the creation of a 2p-core hole and an electron in 3d and 4s orbitals. The 2p-core-hole
state has a hybridized spin with the orbital angular momentum due to spin-orbit
coupling. When the electron relaxed through the x-ray emission is not the excited
electron from the 2p-core state, the resulting orbital occupation of 3d and 4s electrons
varies from the initial state. Note that the spin of the relaxed electron may be either
up or down, since the spin of the core hole is hybridized. The final state may thus
involves a spin flip. This fact means that we can investigate spin excitations in
addition to charge and orbital ones through the L-edge RIXS.

Many review articles on RIXS have been published until now. The RIXS study
in early days are summarized by Kotani and Shin [90] and Kotani [91]. The recent
progress on RIXS is comprehensively reviewed by Ament et al. [92]. The review focus-
ing on high-temperature superconductors are given by Ishii et al. [81] and Dean [93].
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2.4.1 Kramers-Heisenberg equation

Under the electromagnetic field, the kinetic term of Hamiltonian is written as

1 e 2
H= —(-—fA ) — Hy+ H' 2.94
2 om Dj c (r]) 0+ ( )
e Ne
Hy = Py H = S A(r)) p; + iA(r-)2 (2.95)
= 2m’ =~ me J 70 2me2 J

where the summation j runs over all IV, electrons of the system, p; is the momentum
operator of the electron, and A(r;) is the vector potential at j-th electron’s position
r;. Hereafter, we neglect the second order of the vector potential in H’, and we use
p = —iAV and the Coulomb gauge V - A = 0. In this Hamiltonian (2.94), we ignore
a Zeeman splitting term and a spin-orbit interaction term since they can be assumed
very small compared to the kinetic term [92]. The vector potential can be written
with second quantization form as

2mch ik- « 1 ik
— Z e (sakvse "+ evay, 0 ’") (2.96)

where V is the volume of the system, ag e (aLE) is an annihilation (creation) operator
of the photon with wave vector k and polarization €.

In RIXS process, an incident photon with wave vector k;, and polarization &;,
goes into the initial ground state with energy F,, and the core-electron excites to
conduction band, which makes a core-hole state and has the energy F,,. After some
interaction with electrons in valence band and excited electron during a few period,
an electron in valence band falls off to the core-hole state, emitting the photon with
wave vector ko and polarization e4,4. We define the initial state, intermediate
state, and final state of this Hamiltonian in RIXS process as |g; Kin, €in), |n), and
| f3 Kout, €out ), Tespectively. The corresponding energies are E, + hwy,,, E,,, and Ef +
hwg,,, , respectively, where wg = c|k| is the energy dispersion relation of the photon.
Fermi’s golden rule to the second order gives the transition rate w of this process as

_2nm 7 (f|H|n) nIH’|g>
w= hé(Eg—Ef+w)zf: (f|H'|g Z (B, 1 o)~ B | (2.97)

where w = wg,, — wg,,,. Since we are focusing on the resonant x-ray scattering where
Ey+hwy,, ~ E,, the second term in Eq. (2.97) is dominant. The second term is called
resonant term. Note that the first term is dominant in non-resonant x-ray scattering
spectroscopy.

In the first order of vector potential magnitude, the resonant term becomes

3 (fIH'In){n|H'|g)
(Eg + hwk* )_
Ne —1i P S i in T4
e’h 5 (flemkouerigk - piln)(n|e®Tiey, - pjlg)

2m2V60‘ /Wty kot Zn: =t E, + hwy,, — E, + i, ’

1,7

(2.98)
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where I'), is a lifetime broadening introduced for intermediate states containing the
interaction with the excited electron and the valence band electrons. The double-
differential cross section d?c is obtained by multiplying the transition ratio w by
the density of photon states in the solid angle and energy V |kout|” d |Kous| A2/ (27)°
and dividing the incident flux ¢/V [94]. Thus the intensity of RIXS spectra
Irixs (Wu kin, kout, €in, éjout) = dzo-/d(hwkout)dg is

IRIXS (w> kina kouta €in, E:out)

= rimPwi | Wi Y 1 Frg(Kins Kout: €ins Sout)|* 8 (By — By + hw)  (2.99)
f

where 7. = e?/mc? is the classical electron radius, and

T
,ng(kin, kouty €in, €out) = Z <f’§::l_t ;;u;l‘:lih‘gfinl’?; g> (2100)
n
with dipole transition operator
1 - ik-r;
Dre = o ;e © b (2.101)

Equation (2.99) is referred to as Kramers-Heisenberg equation for RIXS. It is generally
used to calculate the RIXS cross section.

2.4.2 Dipole transition operators

Let us consider a direct L-edge RIXS, which is the transition of an electron from
core band of 2p orbital to conduction band of 3d (and 4s for Cr) orbital induced
by an incident photon. We assume that the state of 2p orbital with total angular
momentum j and its z-component j, enters to the state in 3d orbital conduction
band with orbital «, and spin . The states in core band and in conduction band are
written as |2p; j, j.) = Y2p ;. (r — R;) and |3d; o, 0) = Y34,4,0 (T — R;), respectively.
Here, R; is the position of atom to which the i-th electron is bounded. The second
quantization form, the transition dipole operator at R; is

1 T o
DR, kineimn = ZZ@d;a,a\ ek Tigy p|2p; 4, ja)d] P, (2.102)

lmwkin

a7o- ]Z

where d} 0.0 18 a creation operator of the 3d electron at R; with orbital o and spin
o, and p; ;. is an annihilation operator of the 2p electron at R; with total angular

momentum j and its z-component j,. We can select the total angular momentum j
by adjusting the incident x-ray energy to resonant energy eg-L edge) _ E, — E,, where
FE,, is the intermediate state with 2p core-hole state whose total angular momentum
is j. X-ray exciting j = 3/2 electron in 2p orbital is referred to as L3 edge, and one
exciting j = 1/2 is as Lo edge. The matrix element of dipole transition in the atom

at R; is written as

1 .
(3d; v, 0| ———e*in Tig . pi|2p; 4, )
imwg

in

1 oi 1
/dri V3d,a,o(Ti — Ri) (€% ey - p;) thop . (1 — R;)

1Mwp

in
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elkin-Ri

/dr' V3d,0,0 (") (eik“"r/Ein 'Pi) Yap . (1), (2.103)

imwp,,

. . . 1 . . / 1 . . .
where »’ = r; — R;. In the dipole limit, we can assume that e*in'™ ~ 1 (elkin'Ti ~

ikin- Ry : o oodry o dr! .

e ). The momentum operator p sat;sﬁes pi = m< = me. With use of
: : dr’ _ i Ne P . . .

the Heisenberg equation - = £ {5 i1 2m,r} and the canonical commutation re-

lationship [r;, p;] = ihd; ; ([p?, rj] = zThpi), the matrix element of dipole transition
operator in absorption step is

1 g .
(3d; av, Ulme‘k”‘ g - Pil2p; 7, 52

in

eikin'Ri , , ,
T dr’ ¥34,0,0 (1) (€in - Pi) V2p,j.5. (77),
eikin'Ri , , ,
~ o (€3a —€2p,j)/drz‘ V3d,0,0 (T7) (Ein - ") Y2p j 4. (77)
~ cthin B / Ar’ Y3d,0,0(1") (€in - 7) Pap j 5. (1) = eFm BichIz (e4,), (2.104)

where €34 is the average single-electron energy of the 3d electrons, €, ; is one of the
2p electrons with total angular momentum j, and

— [ @ s 07 (& 1) 3y ) (2.105)

which is evaluated by using atomic orbital wave function. We use the resonant con-

dition €35 — €2 (L edse) hwi,,,. The 3d-electron creation operator and the
—ik-R; gt

koo and

2p—e1ectron anmhllatlon operator are written as alZ o = ﬁ doke€

ik-R;

Dijj. = ﬁ Yok € ipg ;. in Fourier series, respectively. The Fourier series of the

dipole transition operator is

Kin,€in — Z Z Z C] ]Z Eln k—‘rkm,a oPk,j,5.+ (2106)

k a0 5,5

In the emitting process, the valence band electron falls into the core-hole state
which is made by an incident photon. We obtain the dipole transition operator in the
same manner, which is

out7€out = Z Z Z Cfijz E7out pk a, Udk+kout,a o- (2.107)

k o0 j,j-

Derivation of ¢’z (¢)

We make use of the atomic orbital wave function for the calculation of c{ﬂ; (e). The
wave function ¥y, (r = (r, 0, ¢))xe, which has principal quantum number n, azimutal
quantum number [, magnetic quantum number m, and spin quantum number o, is
written as

wnlm(r)Xcr = Rnl (r)Y'lm(ea ¢)XU — ’TL, la m>‘0—>7 (2108)

where R,;, Yim, Xo are radial wave function, spherical harmonics, and spin function,
respectively. 2p electrons have n = 2, [ = 1, and 3d electrons have n = 3 and
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l=2.|2p;j,j.) and |3d; a,0) = |3d; a)|o) can be obtained from the superposition of
n,1,m)|o), e.g.,

. 1 [+ 3 T j- o1
I+145, 1
2= =, — = 2.1

which [2p; j,j.) = [n=2,j =14 1,35.), and

1 1
3d.m = 2) =i foy) + le? =32, [3dm = =2) = ~i—slay) + le =)
(2.110)

1 1 1 1
13d,m =1) = —iﬁ|yz> — ﬁ|zx>, |3d,m = —1) = —i\ﬁ|yz> + ﬁ|2x> (2.111)
13d, m = 0) = \}2\322——r2>, (2.112)

where [3d,m) = |n = 3,1 = 2,m) and |a) = |3d;a) with atomic real 3d orbital «.
Note that here the spin quantization axis is assumed along z direction, which requires
the rotation of spin quantization axis if it is another direction.

We define that the angle between € and z-axis is # and the axis between z-axis and
the vector projected € to zy plane is ¢. When r directs to z-axis,

-1 =r(eysinfcosp+e,sinfsing + ¢, cosb) (2.113)
=r <Em_21€y sin fe'? + w% sin e~ 4 ¢, cos 9) . (2.114)

The arbitrary of the coordinates is finally integrated out. With use of the identities
of spherical harmonics

[3 . . /3
Yl,:l:l(ea QZ)) =+ g Sin Hei ¢, Yl,O = E C0397 (2115)
we obtain

e-r=r/ 4% {_Ex\/—gigyyl’l(a ¢) n Ex \—;Eify Y17—1(07 ¢) + 5ZY1,0(9, gf))} . (2116)

The matrix element of dipole operator is

(', I',m'|e - rn,l,m)

4 —€o Tt
= \/?/dTT‘QR:L/Z/TRnl{E\/—glgy/dgi/l;k’mlyl,lmym

€x +igy

V2
where d{) = sin 6 df d¢. We define Gaunt coeflicient;

/dQ l>/k7m/Y171Y27m+€z/dQET7m/YLOY2’m} (2117)

dlaznﬂﬂzﬂn2):t/}ﬁzmimdﬁhm;m%me. (2.118)
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It can be analytically calculated as

(I m'; 1y, mo)

_ (_Dm,\/(zzl+1)(212+1)(21'+1) <11 o U /> (lé z5 g) (2.119)

47 miy Mo —MmM

where

ll l2 13 li+mo—m
(m1 mg M3 :6m1+m2+m370(_1)1+ S

o \/(ll +lo — 3)I(l — la + I3)(—=1 + o+ 13)!(Is + m3)!(lz — m3)!
(ll + lQ + l3 + 1).(11 + ml).(ll - ml).(lg + m2).(l2 - mg)'
XZ (ll—m1+)\)!(12+l3+m1—)\)!
=+l + 13— )l — la +m3 + A)!(l3 — mg — A)!

(2.120)

is referred to as Wigner’s 3-j. A is an integer satisfying max(0,ly — ;1 —mg3) < A <
min(l3 — mg,ls — I3 + [3). Thus, the matrix element of dipole operator is written as

4 ] —Eg 1
(' I',m e -rin,l,m) = %(r)ﬁjl {ex;f’cl(l’,m + 1;1,m) 0 mi1

€ tigy 1 1/
c(l',m—1;1,m)0m m_1+ec(I',m;l,m)0m m p, (2.121

where <T‘>Z:l’l/ = [drr®R:,, Ry

2.4.3 RIXS spectra
Equation (2.100) is expanded to

1
]:fg(k:ina kOUt7 €in, EOUt) - Z<f|DITCout €out’ >h/OJk: - (€3d — €2 ) —il
in D,J n
l
(En — Ey) (€3d—62pj)}
x : n|Dhy, e lg). (2122
Z { 63d —_ €2pj) 1Fn < ’ knneln g> ( )

We assume that I, is independent of n (I',, ~ I'). When the core-hole life time is
short enough, i.e., I is large as compared with characteristic energy scale of F,, — F,,
we can approximate that [ = 0 term in the right hand side of Eq. (2.122) is dominant.
Equation (2.122) is approximated as

1

—(f|D}
hwg,,, — (€34 — €2p,5) — 1F<f‘ k

ffg(kinakoutyeinaeout) =~ outs€out = KinEin g>, (2123)

which is referred to as a fast-collision approximation. With use of Eq. (2.106) and
(2.107),

<f‘DTout Eout g>
- Z Z Z Z C €OUt C?Jé’;jo'z (sin)<f’dk’+kout,0‘/ao'/d’t:-‘rkin,a,o'pz:/,j,j;pk»jvjz ’g>

k.k' a,0’ 0,0' 2,5,

kin €in
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==Y N 3D el (ou) (Fldhsn, 0 Tithonar o |9): (2.124)

k o, 0,0’ 3,

wnere we use € 1:dentity Py, . - |g) = 1mplying at core 4Zp States are ed wi
h the identity pf, ; . 0 implying that 2p stat filled with

electrons in the ground state.

With use of the identity 6 (E; — Ef + hw) = —%Im m, the RIXS spectra
(2.99) is

IRIXS (wa kina kouta €in, E:out)
2,2, .3 1

FeM W, Wkin Im |]_- (k k e £ )|2
=— ——out E £g\Fin, Rout, €in; Eout ;
7r 7 Ey, — Ef + hw +in
2,,2,,3
o TemMiWy Wi, 1
- 2
m {hwr,,, — (e3a — €2p,5)} + T2
* *
z J»Jz ]7]2 Jy]z
x Im E E E E C:?{]o'l Eout Cx.os (Em) E Cu,03 (EIH)CV o4 (Eout)
k.k’' K\, u,v 01,02,03,04 J- Jl

i 1 i
X <g|dk+k0ut,:‘i,01 dk—‘,—kin,k,dg Eg - H + hw + indk/+ki117u70.3dk/+kout,U,O’4’g>

. (2.125)

... can be approximated to be constant. Thus, the RIXS spectrum depends
on q = ki, — kout, and it becomes

W and wg

IRIXS (w7 q,€in, Eout)

. *
3]z ]7]2 7 ]z
o< —Im E E E § Cf@]gl €out e €1n E C,u,ag Em Cy. 04(50ut)

k.k' K\, p,v 01,02,03,04 J.

1
x (gld} . . dirgro
<g’ k,l‘iya'l k+q7>\: 2Eg _ H+ hw +177

b s ooy dierv.0419) | - (2.126)

Thus, the RIXS spectra is the superposition of dynamical susceptibilities (2.93), which
is

IRIXS (w7 q,€in, E:out)

*

E E E j E : JJZ
X IHI [{/0’1 Eout 02 €1n Cu,o‘g 811‘1 CI/ U4(€out)

Ky, 4,V 01,02,03,04 J»

x X35 (q,q,0) |- (2.127)
This is the final result of RIXS spectrum We should calculate only the set of ¢/; JZ( )
and the dynamical susceptibilities x3°, (q,q, ) to obtain the RIXS spectra in the

KV

fast-collision approximation.
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IN-PLANE ANISOTROPY OF
RESISTIVITY IN
ANTIFERROMAGNETIC IRON
ARSENIDE

Below the Néel temperature, iron arsenide leads to stripe-ordered antiferromagnetism,
breaking their four-fold symmetry. The in-plane anisotropy due to the breakdown
of the symmetry is observed by the measurement of resistivity. The origin of the
anisotropy of resistivity is controversial with regard to either the spin fluctuation
and orbital fluctuation. Both fluctuations are considered as the source of pairing
mechanism in iron-arsenide superconductors. The previous theoretical studies of the
anisotropy introduced in Chap. 1 are related to the anisotropy above the Néel tem-
perature. In contrast to the studies, we first obtain antiferromagnetic phase as the
ground state of iron-pnictides from multi-orbital Hubbard model with a mean field
approximation from the procedure introduced in Sec. 2.1. The resistivity is then
driven from memory-function formalism discussed in Sec. 2.2. We show that the
anisotropy of resistivity in iron arsenides with antifferomagnetic phase comes from
the reconstructed Fermi surface due to the anisotropic antiferromagnetic ordering.

In this chapter, we introduce a model Hamiltonian obtained from first-principles
calculations in Sec. 3.1. Our result of anisotropy of resistivity is shown in Sec. 3.2.
We also discuss the anisotropy of resistivity in paramagnetic phase in Sec. 3.3 from
the view point of orbital ordering.

3.1 Model Hamiltonian

In the study of iron-based superconductors, a simplified model Hamiltonian that
reproduces the band structure and Fermi surface obtained from first-principles cal-
culation is usually used. The most simplified model is a two-orbital Hamiltonian
containing only d,,, and d., orbitals [95, 96]. The model reflects the fact that these
two orbitals are dominant on Fermi surface. However, as shown before, d,, orbital is
also present on Fermi surface. To treat this, a three-orbital model [97] is sometimes
used.

To accurately treat the five-orbital character in iron-based superconductors, a five-
orbital model that includes all five d orbitals is usually used. This model is often
determined to reproduce the electronic structure of LaFeAsO [42, 98, 99, 100]. This
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Fig. 3.1 The schematically illustrated unit cell of LaFeAsO. The orange circles
at the corners of the squares represent Fe atoms, and the light blue circles middle
of them represent As atoms. Red dashed lines indicate the original unit cell, while
blue dotted lines indicate reduced unit cell. As atoms locate alternately above
and below Fe plane (See Fig. 1.2).
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model is in two dimensions, reflecting quasi-two dimensionality appearing in the cylin-
drical structure of the Fermi surface in LaFeAsO. Since As atoms locate alternately
above and below the Fe plane as shown in Fig. 3.1, the original unit cell contains two
Fe atoms, which leads to ten-orbital model. In order to avoid the intricacy, the model
is downfolded to reduced unit cell containing one Fe atom. The parameters of, for
instance, BaFesAs, taking into account the three dimensionality are given by Graser
at al. [101]. The comprehensive sets of parameters are given by Miyake et al. [102].

We show another hopping integrals given by Kuroki et al. [42] in Tab. 3.1. The
Hamiltonian is given in Eq. (2.1). Figure 3.2 shows the Fermi surface in the reduced
Brillouin zone corresponding to the reduced unit cell with this parameters. We make
use of the parameters given by Kuroki et al. [42] in following calculations. Although
tis parameters are obtained from the band structure of LaFeAsO, the band structure
is similar to that of BaFe;Ass. Orbitals dominantly contributing to the Fermi surface
are to, orbitals: hole pockets consist of d,, and d., orbitals, while electron pockets
consist of d,, and d,, orbitals.

3.2 Anisotropy of Resistivity in Antiferromagnetic Phase

3.2.1 Parameters and Fermi surfaces

In addition to the kinetic term Hamiltonian (2.1) with parameters in Tab. 3.1, the
interaction Hamiltonian (2.2) is introduced in order to obtain the antiferromagnetic
state. We set U = 1.2 eV and J = 0.22 eV to yield a magnetic moment m = 0.8up
(pup is the Bohr magneton) at n = 6.0, where n is the electron density and

m = Z <nQuU':N'7T - nQ,,u,,u7¢> /.LB (31)
o
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Table. 3.1 Hopping integrals t(Axz, Ay; u, v) in units of 0.1eV. [Az, Ay| denotes
the in-plane hopping vector, and (u, ) the orbitals. oy, I, and o4 corresponds to
t(Azx, —Ay; p,v), t(—Ax, —Ay; p, v), t(Ay, Ax; u, v), respectively, where ‘+” and
‘+(u', ') in the row of (i, v) mean that the corresponding hopping is equal to
+t(Ax, Ay; u,v) and £t(Ax, Ay; ', '), respectively. This table, combined with
the relation t(Ax, Ay; p, v) = t(—Ax, —Ay; v, u), gives all the in-plane hoppings
> 0.01eV up to fifth neighbors. The correspondence of orbitals and numbers
are 1: dg,2_,2, 2t dyz, 30 dyz, 41 dy2_y2, and 5: dzy, where x, y, and z refer
to those for reduced unit cell. The on-site energies for the five orbitals are
(e1,€2,€3,e4,85) = (10.75,10.96,10.96,10.62,11.12) eV. The table is obtained
from parameters given by Kuroki et al. [42]

This value is chosen to be close to the measured m of BaFesAss [36]. The calculated
value of m linearly decreases with increasing n [37]. This is because the nesting con-
dition between the Fermi surfaces at the Y and M points in the paramagnetic phase
becomes worse. This will lead to an incommensurate antiferromagnetic state and thus
our assumption of the commensurate antiferromagnetic state may fail. Actually, m
at the (,0)-ordered state in our calculation shows a discontinuous change when n
exceeds 6.03.

The Fermi surfaces at n = 5.90, 5.95, and 6.0 are shown in Figs. 3.3(a), 3.3(b), and
3.3(c), respectively. At n = 6.0, there are five pockets: A hole pocket at the I" point,
two pockets (Dirac pockets) coming from the Dirac-type linear dispersions on the left
and right sides of the hole pocket, and two electron pockets above and below the hole
pocket. At n = 5.98, the Dirac points meet the Fermi level [37]. At n = 5.95, the
electron pockets disappear, but the Dirac pockets remain [Fig. 3.3(b)]. With further
reducing n, i.e., increasing hole concentration, the Dirac pockets grow as shown in
Fig. 3.3(a), since the Dirac points are above the Fermi level.

3.2.2 Anisotropy of resistivity

Since Co is substituted for Fe in electron-doped Ba(Fe;_,Co,)2Ase, Co atoms act as
impurities. In hole-doped Ba; K, FesAss, K does not directly affect Fe sites, but may
give an additional potential through electrostatic interaction. Figure 3.4 shows the
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Fig. 3.2 Fermi surface of LaFeAsO for reduced Brillouin zone. Color indicates
the dominant orbital on the Fermi surface. Red is for d, orbital, green is for
dy. orbital, and blue is for d., orbital.
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Fig. 3.3 The Fermi surfaces at (a) n = 5.90, (b) n = 5.95, and (¢) n = 6.0 in
the stripe-type AFM Brillouin zone.
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Fig. 3.4 The electron density n dependence of anisotropy of resistivity py/ps —1
(red squares), Drude weight D,/D, — 1 (blue circles), and memory func-
tion M;'/M; — 1 (green triangles). Here, Dy(y) = Daa(yy)(0) and M}, =
Im M4 (yy)(0). The impurity is ignored in the calculations of the Drude weight.

anisotropy of resistivity given by p,/p; —1. We find that p, > p, near n = 6.0, which
agrees with the experiments in electron-doped BaFes_,Co,Ass [50, 56]. The ratio of
anisotropy shows a maximum value of 1.9 at n = 5.97 and decreases with increasing
n. This doping dependence is qualitatively consistent with experimental observations,
although the maximum of the ratio appears above n = 6.0 in the experiments [56, 71].
Here, we emphasize that, around undoping (n = 6.0) region, including impurity
scattering makes the in-plane anisotropy of resistivity (2.59) much larger than that
of the Drude weight (2.47) calculated by using Eq. (2.41) and (2.43). Note that the
impurity is ignored in the calculations of the Drude weight. We thus can say that the
anisotropy of the resistivity is enhanced by the effect of impurity scattering described
by the memory function (2.57).

Below n = 5.96, the anisotropy of Drude weight monotonically decreases while
the anisotropy of memory function, i.e., the anisotropy of scattering rate, is almost
constant with a negative sign, opposite to that near n = 6.0. In this region, the two
electron pockets at n = 6.0 disappear, and the Fermi surface has two Dirac pockets
and one hole pocket as shown in Fig. 3.3. This topology of the Fermi surface is
unchanged down to n = 5.88. Therefore, we may say that the anisotropy of scattering
rate depends only on the topology of the Fermi surface, while the anisotropy of Drude
weight depends on the details of the Fermi surface such as the curvature of Dirac
pockets.

The combination of the Drude weight and the scattering rate leads to the mono-
tonic decrease of the anisotropy of resistivity below n = 5.96. The anisotropy is
finally reversed in the hole-doped side of n < 5.89, i.e., p, < p. The reverse
of anisotropy is also consistent with the doping dependence of anisotropy in hole-
doped Bay_,K,FesAss, [71] although the observed carrier concentration where the
anisotropy is reversed (z ~ 0.2) quantitatively disagrees with our results. The agree-
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ment with the experiments will be improved by tuning the hopping parameters and
by being beyond the dilute limit for large ¢ and the Born approximation. Further-
more, the commensurability that we have assumed may be getting worse away from
n = 6 as mentioned above, leading to a possible modification of the present doping
dependence of anisotropy through the change of Fermi surface topology. We believe
that such factors will give a better agreement with experiments, though there is no
specific calculation. These remain as a future problem.

In order to understand the origin of the anisotropy in the scattering rate near
n = 6.0 and its doping independent behavior, we plot Im My (ko,0)/(cIi,,) [see
Eq. (2.57)] on the Fermi surfaces in Figs. 3.5(a), 3.5(c) and Figs. 3.5(b), 3.5(d) for
a =z and « = y, respectively. Figure 3.5(a) shows that the scattering rate for a = x
mainly comes from the Dirac pockets. On the other hand, Fig. 3.5(b) shows that the
electron pockets significantly contribute to the scatting rate for « = y. In other words,
electrons are mainly scattered at the Dirac pockets (electron pockets) when current
flows along the x (y) direction. At n = 6.0, we find that the integrated scattering
rate over the Fermi surfaces is larger for & = y than for o = .

Since the electron pockets controls the scattering rate for a« = y, we can expect
the reverse of the anisotropy if the electron pockets disappear [see Figs. 3.3(a) and
3.3(b)]. This is actually the case below n = 5.96 [see Figs. 3.5(c) and 3.5(d)]. These
results indicate that both including the impurity scattering and treating the Fermi-
surface evolutions are essential for a proper understanding of the origin of the in-plane
anisotropy of resistivity.

3.3 Anisotropy of Resistivity in Paramagnetic Phase

In the light of our findings in the antiferromagnetic phase, we discuss the anisotropy
in the paramagnetic phase. Above the Néel temperature Ty and structural transition
temperature Tg, the anisotropy may be related to the nematic state observed exper-
imentally [51]. A possible mechanism of the nematicity is the orbital ordering and
fluctuation. Angle resolved photo-emission spectroscopy measurements have clearly
shown the splitting of d,. and d,. orbitals (e,. > €,.) in the nematic state [63].
The splitting is an evidence of the orbital ordering. Based on this observation, we
introduce an energy level splitting between ¢,. and €, in Hy (2.1) and calculate the
Drude weight in the paramagnetic state at n = 6. We find that the anisotropy of the
Drude weight is opposite to the observed anisotropy of the resistivity, as shown in the
€yz > €z region of Fig. 3.6.

Then, according to the case in the antiferromagnetic phase, we introduce impurities
and apply the memory-function approach, resulting in the anisotropy consistent with
experiments, i.e., p, > p, at €, > ;. as shown in Fig. 3.6. The interplay of
impurity scattering and anisotropic Fermi surfaces due to the orbital ordering has
also theoretically been reported by a T-matrix formalism [68]. Therefore, we suggest
that the orbital ordering is one of the possible origins of the anisotropy of resistivity
above Tg.

3.4 Summary

We have investigated the in-plane anisotropy of resistivity with multi-orbital Hub-
bard model in the antiferromagnetic phase. The resistivity has been obtained from
the memory-function approach. Both the Drude weight and the scattering rate tend
to make resistivity along the ferromagnetic direction larger than that of antiferro-
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Fig. 3.5 The intensity of Im Maq (ko,0)/(clf,,). (a) @ = z and n = 6.0. (b)
a =y and n = 6.0. (¢) and (d): The same as (a) and (b), respectively, but

n = 5.95.
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Fig. 3.6 Anisotropy vs energy separation d,. —d,.. Plotted are three quantities
indicating anisotropy with respect to the energy separation: the anisotropy of
resistivity py/ps — 1 (red squares), Drude weight Dy /D, — 1 (blue circles), and
memory function M, /M, — 1 (green triangles). Here, D, () = Dqyu(yy)(0) and
M)y = Im May(yy) (0)-

magnetic direction in parent compounds, which is consistent with in-plane anisotropy
in experiments. When holes are introduced, the anisotropy of the scattering rate
reverses and becomes independent of carrier concentration, which is related to the
disappearance of electron pockets. On the other hand, the Drude weight monotoni-
cally decreases as a consequence of deformation of the Dirac pocket with hole doping.
This eventually leads to the reverse of anisotropy of resistivity, which is also consistent
with experiments. These results indicate that the origin of the anisotropy is attributed
to the interplay of impurity scattering and anisotropic electronic states, both of which
are strongly influenced by the topology of Fermi surface. In addition, we have suc-
cessfully obtained the anisotropy of resistivity consistent with experiments. These
results suggest the importance of impurity scattering in the anisotropy of resistivity
of iron arsenide.
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SPIN AND CHARGE EXCITATIONS
IN ANTIFERROMAGNETIC
CHROMIUM

A representative material of itinerant antiferromagnet is chromium (Cr). After the
discovery of spin-density wave (SDW) order in Cr, many investigations have been
carried out. Among them, neutron scattering experiment is the most suitable for the
study of SDW ground state and its magnetic excitations.

Recent development of synchrotron radiation equipment has proved that resonant
inelastic x-ray scattering (RIXS) is a new tool to detect magnetic excitations. Needless
to say, we observe not only spin excitation but also charge excitation, since inelastic
x-ray scattering directly excites charge degree of freedom. Our calculations suggest
that measurements of RIXS can detect the magnetic and charge excitations in Cr. We
can also detect the orbital character of materials from the polarization of the x-ray
as shown in this chapter.

We introduce electronic states of Cr in Sec. 4.1. The antiferromagnetic state of Cr
is obtained from the procedure introduced in Sec. 2.1, and the excitation properties
of the state are discussed in the following sections. Optical conductivity of Cr is
calculated in Sec. 4.2. A measurement of optical conductivity is often used to see a
gap opening at Fermi energy, i.e., the evidence of an SDW ordering. In Sec. 4.3, we
calculate the dynamical susceptibilities of spin and charge. The calculated dynamical
spin susceptibility is a prediction to high-energy inelastic neutron scattering in Cr.
We calculate the RIXS spectra in Sec. 4.4 from the dynamical susceptibilities obtained
in Sec. 4.3.

4.1 Electronic Structure of Chromium

From the theoretical viewpoint, it is necessary to include all of the 3d orbitals in a
model of Cr for the precise description of both the collective and individual excitations,
as proven in the study of the antiferromagnetic phase of iron arsenides [82, 83]. For
the incommensurate SDW state, it is not easy to perform band-structure calculations
including all of the orbitals, since we need to use a large unit cell. In fact, commensu-
rability with the vector (27/a,0,0) has been assumed in the previous first-principles
calculations [103, 104, 105, 106]. In model calculations for the commensurate SDW
state, two-band models have been used, and the detailed band structures have been
ignored [107]. Therefore, it is important to perform the study of spin dynamics of
Cr by using a precise band structure, even though the commensurate SDW state is
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k./2m

Fig. 4.1 Fermi surface of paramagnetic Cr at k. = 0. Red dashed lines indi-
cate the Brillouin zone, and the arrow indicates the nesting vector. The lattice
constant a is set to be unity.

assumed. The assumption will not affect the high-energy spin dynamics, since the
incommensurability seen in pure Cr is determined by low-energy band structure near
the Fermi level.

The hopping integrals of Cr are given by Harrison [108] in terms of the Slater-
Koster parameters [109]. However, we derive the hopping integrals by ourselves since
the shape of its Fermi surface given by Harrison is inaccurate.

The values of hopping integrals are obtained from the paramagnetic phase with
the lattice constant a = 2.883 A of body-centered cubic (bcc) lattice. First, the first-
princples band structure is calculated by PWscf [110], where the projector augmented
wave pseudopotentials with Cr.pw91-sp-van.UPF is used. Then, we calculate the
values of hopping integrals in Eq. (2.1) by Wannier90 [111], inputting the PWscf
data. We take 8 x 8 x 8 points in the first Brillouin zone of the bcc lattice and set
the orbitals to be five 3d orbitals and one 4s orbital.

Figure 4.1 shows the Fermi surface of paramagnetic Cr at k, = 0. The tetrahedrons
(drawn as square in Fig. 4.1) at I point (kg, ky, k.) = (0,0,0), which is a hole pocket,
and that at H point (2m,0,0), which is an electron pocket, are almost the same size.
Thus, it is clear that the Cr has a good nesting vector. The small difference of these
tetrahedrons leads to the incommensurate SDW. This Fermi surface well reproduces
the previous results obtained from other first-principles calculations [10, 11, 12, 13, 14].

We assume that the SDW in Cr is a perfect commensurate state in spite of its in-
commensurate state confirmed experimentally since it is hard to work out numerically
with the condition of the incommensurate state. This assumption is expected hardly
to affect our conclusions.

We self-consistently solve mean-field equations to determine the order parameters
as introduced in Sec. 2.1. From the self-consistent solution, we obtain Fy, . and
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Fig. 4.2 The density of states in the antiferromagnetic phase and paramagnetic
phase of Cr. Zero energy corresponds to the Fermi energy.

Yu,mie(ko, o). In the self-consistent calculation, we use 50 x 50 x 50 meshes in the
first BZ of the bce lattice. The chemical potential is determined so that the number
of electrons should be 6.0 per site, i.e., the number of the valence electrons in Cr.

The values of U and J in Eq. (2.2) are unknown. Considering that the magnetic
moment defined in Eq. (3.1) is sensitive to the choice of U and J, we determine
their value so that the calculated magnetic moment should be close to the observed
one, 0.6 up, in commensurate Cr [7]. In our calculation, we neglect the on-site
interaction of 4s orbital. We obtain U = 2.5 eV and J = 0.1U. Note that there are
several possible values of U and J, but the conclusions presented in this chapter are
independent of the choice of U and J. We find that the calculated magnetic moment,
0.6 pup, is composed of 0.48 up in ty, orbitals and 0.12 up in e, orbitals.

The electronic state in the anitiferromagnetic state calculated by our method are
consistent with previous results of the band structure [103], the Fermi surface [104],
and the density of states [105, 106]. Figure 4.2 shows the density of states in the
antiferromagnetic phase and paramagnetic phase of Cr derived by tetrahedron tech-
nique [112]. The SDW gap opens at the Fermi energy. Figure 4.3 shows the Fermi
surface in the antiferromagnetic phase at k, = 0. The antiferromagnetic ordering
reconstructs the original Fermi surface shown in Fig. 4.1.

4.2 Optical Conductivity

Figure 4.4 shows the optical conductivity driven from Kubo formula (2.36) in the
paramagnetic and the antiferromagnetic phases of Cr. We treat the direct interband
transition. The Drude component is not included in our calculation. The optical
conductivity in the paramagnetic phase is broad, from 0 eV to 2 eV, and has no
characteristic structure. On the other hand, a remarkable peak appears in the anti-
ferromagnetic phase around 0.55 eV. The peak is derived from the dip in the density
of states for antiferomagnetic Cr.

Such a peak in the antiferromagnetic phase has also been shown in experiment [113,
114]. However, the peak position in the experiment of pure Cr appears around 0.1 eV,
which is much smaller than our calculated result. This is because we treat the ordered
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Fig. 4.3 Fermi surface of the commensurate antiferromagnetic Cr at k, = 0.
Dashed lines indicate the Brillouin zone ascribed to the original unit cell, while
dotted lines indicate reduced Brillouin zone originating from magnetic unit cell.
The lattice constant a is set to be unity.

state of chromium as a commensurate antiferromagnetic state, and calculate the band
structures in the mean-field approximation, both of which neglect the effect of band
renormalization due to correlation. These treatments may lead to a larger band gap
or to a shift of the peak position. Thus, we should see the data of commensurate Cr
alloy, even though our hopping integrals are obtained for pure Cr.

The energy is roughly consistent with an observed peak position (~0.45 eV) of the
optical conductivity for commensurate Cr alloys [113, 114], although the calculated
one shows a slightly larger value. The 0.1 eV overestimate of the peak position in
our theory as compared with the experimental value may come from neglecting the
effect of band renormalization due to correlation. This amounts to a factor of 3/4
for the band renormalization: The energy scale in our theory should be multiplied
by 3/4 to make a comparison with experiment. The same factor is obtained from
the comparison of the peak positions of the optical conductivity in the paramagnetic
phase between theory (1.2 eV) shown in Fig. 4.4 and experiment (0.9 eV) [115].

4.3 Spin and Charge Excitations in Commensurate
Spin-Density Wave State

Figure 4.5(a) shows the imaginary part of the transverse spin susceptibility,
Im x"7(q,w) given in Eq. (2.69), in the commensurate SDW state of Cr from
q = (0,0,0) to (2m,0,0). Here, the lattice constant a is taken to be a unit length. We
note that this g range corresponds to a range from q = 27 (—1,1,0) to 27(0,1,0). In
Fig. 4.5(a), there appears dispersion with strong intensity starting from the magnetic
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Fig. 4.4 Interband contribution to the real part of the optical conductivity in
antiferromagnetism (red solid line) and paramagnetism (blue dotted line). The
conductivity is calculated along the = direction. The Drude component is not
included.

zone center ¢ = (27,0,0), corresponding to a collective spin-wave excitation. The
collective excitation exhibits a prominent weight up to around 0.6 eV, but gradually
loses its sharpness and weight above 0.6 eV. A possible cause of this damping is
individual particle-hole excitations. To investigate this, we plot the particle-hole
excitation spectrum, i.e., the imaginary part of the bare transverse spin suscepti-
bility, Imyg ~(q,w), in Fig. 4.5(c). We find that the collective excitation gradually
penetrates into the particle-hole continuum around 0.6 eV. Therefore, it is clear that
the damping is caused by the particle-hole excitations. A similar origin of damping
has been discussed for iron arsenides based on the same calculation scheme [82].

The spectral weight distribution and dispersive feature in Fig. 4.5(c) come from
the band structure in the commensurate SDW phase. Therefore, the threshold en-
ergy (~0.5 eV) of particle-hole excitation at ¢ = (0,0,0) may be seen through the
optical process. In fact, the calculated peak of the optical conductivity induced by
the commensurate SDW order discussed in Sec. 4.2 is located at 0.55 eV, similar to
the threshold energy.

The longitudinal spin excitation Im x*(q,w) given in Eq. (2.70) is shown in
Fig. 4.5(b). The strong spectral weight is located above 0.4 eV near q = (27,0,0).
We find that the main part of the weight is distributed above the collective spin-wave
energy shown in Fig. 4.5(a). This means that, if the experimental setup of inelastic
neutron scattering is properly chosen to detect both the transverse and longitudinal
excitations, a broad and less dispersive spectral distribution is expected near the
magnetic zone center up to 1 eV. By taking into account that the magnetic compo-
nent parallel to the scattering vector does not contribute to the scattering, such kind
of setup may be achieved for both a longitudinal SDW (L-SDW) phase below 122 K
and a transvers SDW (T-SDW) phase between 122 K and 311 K in Cr [6], assuming
that the high-energy excitations in the incommensurate phases are similar to those
in the commensurate phase: The momentum transfer q for L-SDW should be set to
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Fig. 4.5 Contour plot of the imaginary part of spin susceptibility in the com-
mensurate SDW state along the (g, 0,0) direction. (a) Imx™~ (transverse) and
(b) Imx* (longitudinal). (c) Imyg~ (transverse) and (d) Imx§ (longitudinal) for
the bare susceptibility. The magnitude of intensity shown by the color bar in
(a) is limited up to 20, but the maximum intensity is 460 at around ¢ = 27 and
w ~ 0.1 eV. We use 40 x 20 x 20 meshes in the first BZ of the bcc lattice.

near (0,2m,0), while g for T-SDW should be set to near (27,0,0) or (0,27,0). The
experimental confirmation of these features is highly desired.

The difference of the spectral properties between the transverse and longitudinal
excitations naturally comes from the difference of the bare spin susceptibility as shown
in Figs. 4.5(c) and 4.5(d): The spectral weight of Imy§ [Fig. 4.5(d)] near ¢ = (27,0, 0)
is distributed higher in energy than that of Imxd ~ [Fig. 4.5(c)].

To see the detailed structures of gapless excitations, we investigate the spectra
around the I' point, where the spectral intensity is moderately weak enough to see
the whole structure clearly. We also note that small g region contributes to L-edge
RIXS spectra as discussed in Sec. 4.4. The imaginary part of x*—, x?, and x" near
the I' point are shown in Figs. 4.6(a), 4.6(b), and 4.6(c), respectively. x™ is given
in Eq. (2.71). The intensity of the transverse mode, Imy™*~, is larger than that of
the longitudinal mode, Imx?, below 0.5 eV. The velocity of the transverse mode v,
is estimated to be 1.8 eV A. This value is consistent with a theoretically estimated
value based on a band gap (~ 1.5 eV A) [79, 107]. We notice that v, is smaller
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Fig. 4.6 Contour plot of the imaginary part of dynamical susceptibility near
the BZ center. (a) Transverse spin mode, Imx™~, (b) longitudinal spin mode,
Imyx?, and (c¢) charge mode, Imx™ along the (g,0,0) direction. The magnitude of
intensity is shown by the color bar on the right of each panel. We use 80 x 20 x 20
meshes in the first BZ of the bcc lattice.

than that of the charge mode. This is expected from the large U limit, where the
exchange interaction determining the spin-wave velocity, t*/(U — J), is smaller than
the hopping integral ¢ which determines the energy scale of charge motion.

4.4 Resonant Inelastic X-ray Scattering spectra

4.4.1 Scattering geometry

The geometry for our RIXS calculation is illustrated in Fig. 4.7. The angle between
the momenta of incoming (kj,) and outgoing (koyut) x-ray is «, and the norms of
these momenta are almost the same. In this geometry, the momentum transfer ¢ =
kin — kout is on the z-axis, i.e., ¢ = (¢,0,0). We change g by varying the angle
a. The incoming beam is either m-polarized (parallel to the scattering plane: iy)
or o-polarized (perpendicular to the scattering plane: oi,). The outgoing X-ray is
chosen to be a summation of both polarizations 7y, and o.,t, taking into account
existing experimental conditions. The spin is assumed to direct parallel to the z-
axis, which is perpendicular to the ordering vector Q. This geometry corresponds to
one of two spin polarizations in the T-SDW phase between 122 K and 311 K in the
incommensurate chromium [6]. We note that, since a characteristic x-ray energy for
Cr L3 absorption is 572 eV, the momentum space where Cr Lz-edge RIXS can access
is limited to ¢ < 0.537.

4.4.2 Calculated RIXS spectra

The calculated RIXS spectra (2.127) for the commensurate SDW state are plotted in
Fig. 4.8 for both the 7 and o polarizations along the (g,0,0) direction. The spectra
are symmetric with respect to ¢ = 0. This is in contrast with the case of iron
arsenides [83], where asymmetric spectral distribution appears. Such a contrasting
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kout /\

kin

Fig. 4.7 The geometry of the scattering process used in the RIXS calculation.
q = kin — kout. The scattering plane is the zz-plane, and g = (g,0,0). We change
q by varying the angle « between kin and kout. Fin (Oout) and min (mous) denote
o- and w-polarization vectors, respectively, of incoming (outgoing) x-ray.

behavior is originated from the difference of geometry for the scattering process: The
angle between ki, and ko in iron arsenides is fixed unlike the geometry in Fig. 4.7.
The high-energy part of the spectra above 1 eV is shown in Figs. 4.8(a) and 4.8(b).
The change of incident-photon polarization induces the shift of the intense spectral
cloud at high energy ~2 eV from g = £0.347 for the 7 polarization to £0.57 for the
o polarization in the present setup of the scattering geometry.

The intensity of the spectra increases with increasing energy and shows a broad
maximum at w ~ 2 eV. With further increasing energy, the intensity decreases. This
behavior is common to other types of scattering geometry. The main contribution
to the broad peak comes from interband excitations between different orbitals as dis-
cussed below. The broad peak at w ~ 2 eV is expected to appear in RIXS experiments
for Cr.

The low-energy region below w = 1 eV is shown in Figs. 4.8(c) and 4.8(d). We
note that the elastic line at ¢ = (0,0,0) is omitted from the figures. According to
the dynamical spin susceptibility shown in Fig. 4.6, we expect low-energy spin and
charge excitations appearing from w = 0 eV at ¢ = (0,0,0). However, the presence of
high-intensity excitations in the high energy makes the low-energy spectra less visible
in Figs. 4.8(c) and 4.8(d). The present scale of intensity in Figs. 4.8(c) and 4.8(d)
makes the excitations less visible because of the presence of high intensity in the high-
energy excitations. However, the low-energy excitations certainly exist even though
their intensity is small.

In order to make clear the presence of the low-energy excitations indicated by
Fig. 4.6, we show the line shape of the RIXS spectra for both polarizations in Fig. 4.9.
We find dispersive low-energy excitations, starting from near w = 0 eV and q =
(0,0,0), with the same energy scale as the spin and charge modes shown in Fig. 4.6,
although it is difficult to identify each mode.

One may have a question why the spin and charge modes are less clear in the
RIXS spectra. In order to resolve this question, we should notice a difference in the
suffixes of the dynamical susceptibility between RIXS in Eq. (2.127) and, for example,
the transverse spin mode in Eq. (2.69). In Eq. (2.69), only x = XA and p = v, i.e.,
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Fig. 4.8 Contour plot of the calculated RIXS spectra of chromium for the
commensurate SDW state along the (¢,0,0) direction. High-energy region
(1 eV< w <3 eV): (a) w polarization and (b) o polarization. Low-energy re-
gion (0 eV< w <1 eV): (c) 7 polarization and (d) o polarization.

excitations within the same orbital, are taken from the dynamical susceptibility in
Eq. (2.68), while in Eq. (2.127) &, A\, u, and v are independently taken. In order to
see the effect of the difference, we calculate the RIXS spectra only taking x = A and
p = v in Eq. (2.127) and showing the results in Fig. 4.10. We find that the spectral
weight near 1 eV is dramatically suppressed and the low-energy modes become clear
in intensity. This means that the RIXS intensity near 1 eV in Fig. 4.8 is dominated
by excitations among different orbitals, i.e., off-diagonal orbital excitations. Thus
we conclude that the low-energy collective modes such as spin-wave excitation are
overwhelmed by the off-diagonal orbital excitations. We note that this does not
happen in the case of a single-band Hubbard model describing cuprate compounds.
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In order to make clear the possibility of observing the spin-wave excitation, we
comment on the contributions from other excitations. The energy scale of the spin-
wave excitation that we want to detect is around 0.1-0.4eV, which is higher than
that of phonons [116, 117]. Even though multi-phonon excitations can be seen in
RIXS [118, 117, 119], the phonons do not overwhelm the spin excitations because of
weak electron-phonon coupling expected in Cr. On the other hand, elastic scattering
may overlap with the spin-wave excitations. However, if the energy resolution of RIXS
is improved, the overlap becomes small and the spin-wave excitations may become
detectable, although the intensity of the spin-wave excitations is weak due to the
off-diagonal orbital contributions as discussed above.

Finally, we comment on a peak structure around 0.6 eV near ¢ = 0 in Fig. 4.10(a).
Since the energy position is almost equal to a peak seen in the optical conductivity
in Sec. 4.2, we judge the peak to be due to the SDW-gap formation. We also expect
that this structure may be detected by RIXS with high resolution.

4.5 Summary

We have investigated the spin dynamics and RIXS for Cr with the commensurate
SDW state by using a multi-band Hubbard model composed of 3d and 4s orbitals.
We have employed a self-consistent calculation of the ground state based on the
SDW mean-field approximation. On top of the ground state, we have calculated the
dynamical spin susceptibility within RPA. By evaluating the hopping integrals from
the down-folding procedure of first-principles band calculation, the electronic states in
Cr are properly described by our model. The electronic states in the commensurate
SDW phase obtained by the mean-field theory are also consistent with those from
the previous first-principles band structure calculations. Therefore, the calculated
dynamical susceptibilities reflect realistic particle-hole excitations. It is well-known
that RPA cannot describe the band renormalization effect due to correlation. The
factor of the band renormalization is estimated to be roughly 3/4, by comparing the
peak positions of the optical conductivity between theory and experiment.

We have found that a collective spin-wave mode appears in the spin-transvers ex-
citation spectrum. The collective mode does not damp up to ~0.6 eV. Above the
energy, the excitation overlaps individual particle-hole excitations, leading to broad
spectral weight. We expect that this feature appears in inelastic neutron scattering
experiments for Cr, even though Cr shows an incommensurate spin excitations below
0.1 eV. When the contribution from the longitudinal spin excitation to inelastic neu-
tron scattering increases, the spectral weight above the spin-wave mode is expected
to be enhanced. This may also be detected by future experiments.

RIXS tuned for the L-edge is a powerful tool to investigate not only the charge and
orbital excitations but also the spin excitation in the energy and momentum spaces.
By using a fast-collision approximation for the RIXS process, we have calculated Cr
Ls-edge RIXS intensity. We have found large spectral weight coming from interband
excitations between different orbitals. This eventually masks collective spin-wave
excitations within the same orbital, weakening the intensity of them. Weak as the
intensity is, it may be possible to detect them if the experimental resolution of RIXS
is high enough.

Finally, we would like to refer that experiments of RIXS on Cr is now being carried
out at SPring-8 by Harada and Hiraka, based on our prediction [120].






Chapter 5
CONCLUSIONS

Pure chromium (Cr) is a typical material of the metal with spin-density-wave (SDW)
ground state. The SDW is caused by the nesting of its Fermi surfaces. Its magnetic
and electronic properties have been well investigated experimentally and theoretically
for a long time. However, taking the opportunity of the discovery of iron-based
superconductors, whose parent compounds have SDW ground state, multi-orbital
nature in 3d-transition metals is newly focused on. With regard to the origin of
the superconductivity in iron-based superconductors, it is now considered that the
orbital degrees of freedom in 3d-transition metals play important roles in their physical
properties. We have tried to shed light on the physics, especially electron dynamics,
of 3d-transition metals with multi-orbital nature in the SDW state.

In order to understand the electron dynamics of multi-orbital antiferromagnetic
metals, we have investigated iron arsenide and Cr. For iron arsenide, we have eluci-
dated the anisotropy of resistivity in stripe-ordered antiferromagnetic phase. For Cr,
we have calculated the dynamical susceptibilities and resonant inelastic x-ray scat-
tering (RIXS) spectra. To obtain the SDW ground state of these materials, we have
made use of multi-orbital Habbard models with a mean-field approximation. These
results are summarized below for completion of this thesis.

First, we have investigated the in-plane anisotropy of resistivity with a multiorbital
Hubbard model in the stripe-ordered antiferromagnetic phase. The resistivity has
been obtained from a memory-function approach. Both the Drude weight and the
scattering rate tend to make resistivity along the ferromagnetic direction larger than
that of antiferromagnetic direction in parent compound, which is consistent with in-
plane anisotropy in experiments. When holes are introduced, the anisotropy of the
scattering rate reverses and becomes independent of carrier concentration, which is
related to the disappearance of electron pockets. On the other hand, the Drude
weight monotonically decreases as a consequence of deformation of the Dirac pocket
with hole doping. This eventually leads to the reverse of anisotropy of resistivity,
which is also consistent with experiments. These results indicate that the origin of
the anisotropy is attributed to the interplay of impurity scattering and anisotropic
electronic states, both of which are strongly influenced by the topology of Fermi sur-
face. In addition, we have successfully obtained the anisotropy of resistivity consistent
with experiments. These results suggest the importance of impurity scattering in the
anisotropy of resistivity of iron arsenide.

Second, we have investigated the spin dynamics and RIXS spectra for Cr with the
commensurate spin-density wave (SDW) state. By evaluating the hopping integrals
from the down-folding procedure of first-principles band calculation, the electronic
states in Cr are properly described by our model, which is confirmed by calculation
of optical conductivity. We have calculated the dynamical spin susceptibility within
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random-phase approximation.We have calculated the dynamical spin susceptibility
within random-phase approximation. We have obtained a collective spin-wave mode
appearing in the spin-transvers excitation spectra. The collective mode does not damp
up to ~0.6 eV. Above the energy, the excitation overlaps individual particle-hole ex-
citations, leading to broad spectral weight. We expect that this feature appears in
inelastic neutron scattering experiments for Cr, even though Cr shows an incommen-
surate spin excitations below 0.1 eV. When the contribution from the longitudinal
spin excitation to inelastic neutron scattering increases, the spectral weight above the
spin-wave mode is expected to be enhanced. This may also be detected by future
experiments. By using a fast-collision approximation for the RIXS process, we have
calculated Cr Ls-edge RIXS intensity. We have found large spectral weight coming
from interband excitations between different orbitals. This eventually masks collec-
tive spin-wave excitations within the same orbital. Even though the excitations are
weak in intensity, it may be possible to detect them if the experimental resolution of
RIXS is high enough.

Our results promise the importance of multi-orbital properties to research of con-
densed matter physics. The study of multi-orbital physics in correlated electron sys-
tems should be pushed forward strongly.
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