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Abstract

In this thesis, I study the in-plane resistivity, p., and the Hall coefficient, Ry, in the weak-
field limit for the Ru t3, orbital Hubbard model on a two-dimensional square lattice by using
fluctuation-exchange approximation including the Maki-Thompson (MT) current vertex correc-
tion (CVC). In particular, I consider the cases near and away from the incommensurate (IC)
antiferromagnetic (AF) quantum-critical point (QCP), where the spin fluctuation (SF) located
at Qic-ar = (27/3,27/3) is strongly enhanced.

I obtain six principal results. (i) pqp shows the T-linear dependence near the IC AF QCP,
while the 72 dependence is obtained away from the IC AF QCP. This change arises from the
stronger momentum dependence of the quasi-particle (QP) damping near the IC AF QCP. (ii)
The effect of the MT CVC on the power of the temperature dependence of p, is negligible,
although this leads to an increase of the value of p,; as a result of a decrease of the current. (iii)
The d,./,. orbital gives the dominant contribution to the in-plane longitudinal conductivity,
while the contribution of the d;, orbital is very small. This is due to the combination of
the smaller QP damping of the d,/,. orbital and the momentum dependence of the band
velocity. (iv) Ry is less affected by the self-energy of electrons. (v) The signs of the transverse
conductivities of the d,.,,. and the d;, orbitals are opposite in the model of SroRuO4. As
a result, Ry of this model without the MT CVC becomes nearly zero. (vi) The negative
enhancement of Ry is induced by the MT CVC not only near but also away from the IC AF
QCP, although in the latter case this enhancement is strongly suppressed at low temperatures.
This negative enhancement arises from the bend of the current of the d,,,,. orbital due to the
MT CVC of the non-diagonal SF between this and the d,, orbitals at Qic.ar. The strong
suppression of Ry obtained away from the IC AF QCP arises from the cancellation between
this negative enhancement and the positive enhancement arising from the bend of the current
of the dg, orbital due to the MT CVC of the diagonal SF of that orbital at Q[ sp = (7, 27/3).

From these results, I deduce the following conclusions. One is that p,, of Ru oxides is
determined almost by the d,.,. orbital since the QP damping of that orbital will remain
smaller than that of the d,, orbital even in other Ru oxides. In particular, py, shows the T-
linear dependence near the IC AF QCP due to the characteristic momentum dependence of the
QP damping of the d,./,. orbital. The other conclusion is that Ry of the model of SroaRuO4
does not show the Curie-Weiss (CW) like temperature dependence even near the IC AF QCP
since the bends of the currents of the d,./,. and the dyy orbitals due to the MT CVC lead to
the opposite-sign contributions to Ry. The situation will be changed in other Ru oxides, where
the occupation number of each orbital and/or a ratio of the QP damping of the d, orbital to
that of the d, . orbital are/is different from those/that of the model of SraRuOj.

I propose that p,, of Ru oxides can give information about the structure of the magnetic
fluctuations not of the dyy, orbital but of the d, ., . orbital, and that Ry of the Ru oxides in the
weak-field limit can capture a characteristic transport property of a multi-orbital effect, which
arises from the bend of the current of the d, .. orbital due to the MT CVC of the non-diagonal
SE between that and the d,, orbital at Qic.ar.

I believe that the results obtained in this thesis not only lead to a deeper understanding
of the transport properties of Ru oxides but also open a new door in the transport properties
of multi-orbital strongly correlated electron systems (SCESs) since the similar mechanism will
be realized in other multi-orbital SCESs where several sheets of the Fermi surface’s are located
near each other and the dimensionalities of the orbital characters are different.
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Chapter 1

Introduction

In this chapter, after showing the outline of this thesis in §1.1, I briefly review experimental
and theoretical results of SroRuOy4 in §1.2 and §1.3, respectively, and explain motivations of the
analyses of this thesis in §1.4. In these experimental and theoretical reviews, we focus on the
electronic structure and the magnetic and the transport properties only in the paramagnetic
(PM) phase of SroRuQy. I do not show the results in the superconducting (SC) phase appearing
below 1K [1] since the focus of this thesis is the transport properties in the PM phase. However,
I believe that understanding the properties in the PM phase leads to a deep understanding of
those in the SC phase.

1.1 Outline of this thesis

This thesis is organized as follows.

In Chapter 1, I give experimental and theoretical reviews of SroRuQO4, and explain the
motivations of the analyses of this thesis. For the experimental review in §1.2, the basis of the
electronic structure and five unusual properties are explained. For the theoretical review in §1.3,
I present the results of some previous theoretical studies, discuss their correspondences to the
experimental results, and explain some remaining issues. In particular, I argue that two of the
five unusual properties can be explained in the fluctuation-exchange (FLEX) approximation [2],
where spatial correlation is taken into account beyond the mean-field approximation (MFA) [3].

Next, in Chapter 2, I explain the method used for the calculations of resistivity and Hall
coefficient in the weak-field limit, which are the transport properties focused, by using an
effective model of SroRuQy4. First, in §2.1, I show an effective model of SroRuQy, i.e., the
Ru ty, orbital Hubbard model on a two-dimensional (2D) square lattice. The parameters of
the non-interacting part are determined so as to reproduce the electronic structure obtained
in the local-density approximation (LDA) [4, 5]. The interacting part of this effective model
is treated in the FLEX approximation [3], whose explanation is given in §2.2 following the
discussion in Refs. [6, 7]. Section 2.3 is devoted to the general derivations of the resistivity
and the Hall coefficient in the weak-field limit for multi-orbital systems. In these derivations,
only the most divergent contributions with respect to the quasi-particle (QP) lifetime are taken
into account [8, 9]. As a result, we see that the resistivity is inversely proportional to the QP
lifetime, and the Hall coefficient is independent of that. In §2.4, I give the general derivation of
the irreducible electron-hole four-point vertex function (VF), resulting in the correction to the

1
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current, i.e. the current vertex correction (CVC) [10, 11], by using the self-energy of electrons
in the FLEX approximation.

Then, in Chapter 3, I present numerical results near and away from the incommensurate
(IC) antiferromagnetic (AF) quantum-critical point (QCP), which exists in the effective model of
SroRuOy [2], by using the FLEX approximation including the Maki-Thompson (MT) CVC [12,
13]. For simplicity, I neglect the Aslamasov-Larkin (AL) CVCs [14] since these are of higher
order with respect to the QP damping than the MT CVC and these become negligible [11, 15]
in the cases considered in this thesis.

Before showing the results of the transport coefficients, I present the momentum dependence
of the QP damping in §3.1 and the dynamical property of spin fluctuations (SFs) in §3.2. Both
the QP damping and the imaginary part of the effective interaction of the FLEX approximation,
mediated by fluctuations in spin and charge sectors, are used in the kernel of the MT CVC.
In §3.1, I analyze the role of each Ru 2, orbital in the QP damping and discuss whether the
phenomenological Fermi liquid (FL) description works or not. Here, the phenomenological FL
description means that the single-particle Green’s function can be approximated by the standard
form of the coherent part [10, 16]. This description works when the QP damping is smaller than
temperature considered [10]. In §3.2, I analyze the effects of U and T as well as the roles of
the Ru t,4 orbitals on the dynamical property of SFs, and discuss how that dynamical property
affects the current of each orbital through the MT CVC.

Sections 3.3 and 3.4 are devoted to the temperature dependence of the resistivity and of the
Hall coefficient in the weak-field limit, respectively. In particular, I analyze the effects both of
the momentum dependence of the self-energy of electrons and of the temperature dependence
of the electron-hole four-point VF. Also, the roles of each Ru ¢, orbital and of each fluctuation
(SF, orbital and spin-orbital combined fluctuations [17]) are investigated.

In Chapter 4, I compare the obtained results with other theoretical results in a single-orbital
Hubbard model [11] on a 2D square lattice by the same approximation used in this thesis and
in a tight-binding model of SroRuO4 by using the phenomenological theory [18]. T also address
the correspondences with experimental results for Ru oxides.

Finally, in Chapter 5, I summarize principal results and conclusions drawn from this study,
and I explain remaining issues for future study.

1.2 Experimental review

In this section, in order to explain basic properties of SroRuQy, I briefly review several experi-
mental studies for the PM phase of SraRuOy4 [19].

As T will explain below in detail, there are five unusual properties, although extensive re-
search has revealed that SroRuQOy4 can be regarded as a well-defined quasi-2D FL with moder-
ately strong correlation. The five unusual properties are (1) the structure of magnetic fluctua-
tions [20], (2) the orbital dependence of the mass enhancement [21], (3) the semiconductor-like
temperature dependence of the out-of-plane resistivity in the high-temperature region [22], (4)
the negative enhancement of the Hall coefficient at some temperatures due to tiny amount of
nonmagnetic Al impurities [23], and (5) the T-linear in-plane resistivity appearing in the case
of small substitution of Ti** for Ru*t [24].

This section is organized as follows. I begin with the explanation of the basis of the electronic
structure of SraRuQy. After explaining the crystal structure [1] and the corresponding energy

2
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Figure 1.1: (a) Schematic crystal structure of SroRuOy4 and (b) schematic energy levels
of SroRuOy for the Ru 4d orbitals. Up and down arrows in (b) represent spin-up and
spin-down electrons, respectively.

levels for the Ru 4d orbitals, I present the Fermi surface (FS) observed experimentally [21, 25].
Next, I present several experimental results indicating the well-defined FL behaviors. These are
transport properties [22, 26], the magnetic susceptibility [27], and the specific heat [27]. Then,
I turn to several experimental results [19, 27, 28] which show the roles of electron correlation
in SroRuQy4. In particular, I argue that electron correlation is not so strong in SroRuQOy4 as
in cuprates (i.e., cupper oxides) but moderately strong, although electron correlation plays
important roles. Finally, I explain the five unusual properties.

1.2.1 Basis of the electronic structure

By the extensive experimental research, it is well established that SroRuQO4 can be regarded as
a quasi-2D to, electron system.

According to a powder x-ray diffraction measurement [1], SroRuQy is categorized as a layered
perovskite oxide. The crystal structure has I4/mmm body-centered tetragonal space-group
symmetry. The schematic crystal structure is shown in Fig. 1.1 (a). In this crystal structure,
only the d,, and the d,, orbitals are degenerate, as shown in Fig. 1.1 (b). Since SraRuO4 has the
layered perovskite structure, the crystalline-electric-field (CEF) energy between the Ru e, and
the Ru to4 orbitals is about 1 eV [28, 29]. Furthermore, the electronic conduction is anisotropic
(e.g., quasi-2D), and the ratio of the in-plane resistivity to the out-of-plane resistivity at low
temperature is about 1072 [1]. The ratios at 2 K and 290 K are 1/850 and 1/220, respectively [1].

In addition, electrons occupying the Ru t94 orbitals give the dominant contributions to the
electronic conduction since a Ru ion is Ru**t, i.e. (4d)* configuration. Although the CEF energy
between the Ru e, and the Ru ty, orbitals is large [Fig. 1.1 (b)], the CEF energy between the
dy/y. and the dyy orbitals is small since the experimentally observed occupation numbers of
these orbitals are nearly the same, i.e. 1.33 [21], due to the band overlap.

Actually, the measurement [21] of the de Haas-van Alphen (dHvA) effect has shown that

3
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(a)

(4]

Figure 1.2: (a) Schematic picture of the FS of SroRuO4 observed by the dHvA ef-
fect [21] and (b) the FS observed by the ARPES [25]. (a) and (b) are reprinted from
Ref. [21], “Copyright 1996 by the American Physical Society” and from Ref. [25],
“Copyright 2000 by the American Physical Society”, respectively.
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Figure 1.3: Temperature dependence of (a) the in-plane and the out-of-plane resistivi-
ties [22] of SraRuO4 and (b) the Hall coefficient [30] of SryRuO4 in a magnetic field of
2 T. The inset of (a) shows these resistivities below 32 K plotted against T2. (a) and
(b) are reprinted from Ref. [22], “Copyright 1996 by the American Physical Society”
and from Ref. [30], “Copyright 1996 by the American Physical Society”, respectively.

there are three cylindrical sheets of the FS’s consisting of the quasi-1D « and S sheets and the
quasi-2D v sheets. The schematic picture of the observed IS is shown in Fig. 1.2 (a). The d,. .
and the d,, orbitals form the quasi-1D and the quasi-2D sheets of the FS, respectively. This
observation supports the above statement about the role of the Ru ¢, orbitals. Qualitatively
the same result as the dHvA effect [21] has been obtained from angle-resolved photoemission
spectroscopy (ARPES) measurement [25], as shown in Fig. 1.2 (b).

Extensive experimental research also reveals that SroRuO4 shows the following several well-
defined FL behaviors. (The meaning of the well-defined FL has been described in §1.1.)

First, transport properties are consistent with the results obtained in the phenomenological
FL theory [10]: the in-plane and the out-of-plane resistivities at low temperature show the T2
dependence [22] as shown in Fig. 1.3 (a), and a Drude peak is observed below 30 K in the
electric field applied both parallel and perpendicular to the RuOy planes [26]. Temperature
dependence of the Hall coefficient [30] shown in Fig. 1.3 (b) is not so simple as in single-orbital
systems. However, as I will explain in §1.3.3, this temperature dependence can be reproducible
by a phenomenological theory [18] within the relaxation time approximation, assuming a typical

4
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Figure 1.4: (a) Magnetic susceptibility of SroRuO4 in a magnetic field of 1 T and
(b) the coefficient of the T2 term of the in-plane and the out-of-plane resistivities of
SroRuQy against the coefficient of the electronic specific heat. Data shown in (a) are
not corrected by diamagnetic contributions from the core electrons of —0.91 x 104
emu/mol. The inset in (a) shows the specific heat divided by temperature plotted
against T2 for a single crystal. The solid and the broken lines in (b) represent the
Kadowaki-Woods ratio, ag, and ag/25, respectively. Reprinted from Ref. [27], “Copy-
right 1997 by Physical Society of Japan”.

form [16] of the QP damping.

Second, as shown in Fig. 1.4 (a), the magnetic susceptibility in a magnetic field of 1 T
shows very weak temperature dependence, indicating that the main contribution arises from
Pauli paramagnetism [27]. Note that the temperature independent contribution arising from the
Van Vleck term is very small compared with the observed value since the estimated contribution
is approximately 1.5 x 10~% emu/mol [31]. In addition, the Korringa behavior in the spin-lattice-
relaxation rate is observed in a nuclear-magnetic-resonance (NMR) measurement [31].

Third, the temperature dependence of the specific heat, which is shown in the inset of Fig.
1.4 (a), is well fitted by the sum of the electron and the lattice contributions [27].

Next, I will explain that electron correlation is not so strong in SroRuQy4 as in cuprates but
moderately strong, although electron correlation plays important roles.

There are several evidences of the importance of electron correlation in SroRuQOy4. One is
the enhancement of the coefficient of the electronic specific heat [27]: the value is 37.5 mJ/K?
mol, which is about 3.6 times larger than that obtained in a band calculation [4]. In addition,
the effective mass of each Ru g, orbital is about 3-5 times larger than that obtained in band
calculations [4, 19]. Another is the Wilson ratio being larger than unity, which is the value
for a free electron gas: the observed value is 1.7-1.9 [27]. Furthermore, as shown in Fig.
1.4 (b), the Kadowaki-Woods ratio for the in-plane conduction indicates the importance of
electron correlation, i.e., the observed value is 0.3ag-0.5ag, which is not far from the value for
typical heavy-fermion compounds (e.g., UPt3, CeCuySiy) [27]. Here ag is the universal value,
1.07°uQem/(mJ/K?).

On the other hand, a polarized O 1s x-ray absorption measurement [28] shows that the
electron correlation of SroRuOy is not so strong. Actually, the observed spectrum [28] can be
reproduced within the unrestricted Hartree-Fock calculation for the two-site model, assuming
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Figure 1.5: Intensity observed by INS measurement [20] of SraRuO4 at hw = 6.2
meV around Q@ = q + G = (1.3,0.3,0) along (0,1,0) direction, where q =
(£0.67/a,+0.67/a,0) = (£0.3,4£0.3,0) and G is a zone center or a Z point (001)
in the (HKO) plane. The peak is originated not from the phonon but from the mag-
netic fluctuation since the lowest phonon frequency at g is above 12 meV. Reprinted
from Ref. [20], “Copyright 1999 by the American Physical Society”.

that the on-site intra-orbital Coulomb interaction of the Ru 4d orbitals is 2 eV. This value is
about half of the total bandwidth of the Ru ¢4 orbitals obtained in the band calculation [4, 44].
Thus, electron correlation of SroRuQy is not so strong but moderately strong.

1.2.2 Unusual properties

In this section, I explain the five unusual properties of SroRuOy4. The first and the second
unusual properties can be understood [2] if spatial correlation is taken into account beyond the
MFA (see §1.3).

(1) The mechanism of the structure of magnetic fluctuations is unclear. As shown in Fig.
1.5, inelastic neutron scattering (INS) measurement [20] for SroRuOy4 reveals the enhancement
of IC AF SF located at g = (£0.67/a, +0.67/a,0) = (£0.3,£0.3,0) with a being the lattice
constant along the a axis, while it does not find sizable ferromagnetic (FM) SFs. This result
is unusual since the observed enhancement of the IC AF SF seems to arise from the nesting
instability [32] of the d,/,. orbital, of which the density-of-states (DOS) near the Fermi level
is smaller than that of the d,, orbital. Note that within the MFA, the primary contribution
to the susceptibility arises from the orbitals having the largest DOS near the Fermi level. (As
I will explain in §1.3, this magnetic structure cannot be reproduced even within the RPA for
models with the experimentally observed occupation numbers [21].)

Since a polarized neutron measurement [33] for Cay_,Sr, RuOy4 has revealed the role of each
Ru to4 orbital in the magnetic fluctuations, i.e. the primary contribution arises from the d,
orbital, it is desirable to carry out similar analyses in SroRuQy4. Although there was a polarized
neutron diffraction measurement [34] for SroRuQOy, this experiment did not discuss this issue
since the aim was to analyze the symmetry of the Cooper pairing in the SC phase.

Although there was a controversial discussion about the inconsistency between the results of
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Figure 1.6: Temperature dependence of the Hall coefficient of SroRuO4 doped with
Al [23] in the weak magnetic field. In this measurement, the magnetic field sweeps
from —2 to 2 T for T < 50 K and from —3 to 3 T for T" > 50 K. The inset shows the
same data plotted in a logarithmic temperature scale in order to emphasize the low
temperature behavior. Reprinted from Ref. [23], “Copyright 2001 by the American
Physical Society”.

INS and NMR measurements, this has been resolved as follows. The authors of an early NMR
measurement [35] for SroRuOy4 have proposed that there will be no enhanced AF SF since the
temperature dependence of the spin-lattice relaxation rate at Ru sites is the same as that at
O sites. If commensurate AF SFs for Ru ions are enhanced, the amplitude should vanish at
the magnetically symmetric O sites. However, the authors of a later NMR measurement [36]
have pointed out that this result of the early NMR measurement [35] does not contradict with
the evolution of the IC AF SF observed by INS measurement [20]. Thus, it is experimentally
established that the IC AF SF located at ¢ = (£0.3,40.3,0) is primary in SroaRuOj.

(2) Second unusual property is the orbital dependence of the mass enhancement. Combining
the result of dHvA effect [21] and that of the band calculation, we can see that the mass
enhancement of the v band is larger than that of the o/ bands: the mass enhancements of
a, B, v bands are 3.0, 3.5, and 5.5, respectively [19]. This result seems to contradict with a
simple theoretical argument that the mass enhancement is large when the bandwidth is small.
In the case of SroRuQy4, the bandwidth of the quasi-1D d orbital is smaller than that of
the quasi-2D d,, orbital.

(3) Third, as shown in Fig. 1.3 (a), the out-of-plane resistivity of SroRuO4 shows semiconductor-
like behavior at high temperatures and has the maximum around 130 K, although it shows
metallic behavior at low temperatures [22]. In contrast, the in-plane resistivity always shows
metallic behavior [22]. This semiconductor-like behavior will arise from the incoherent con-
duction due to electron correlation (e.g. strong momentum dependence of the QP lifetime).
Therefore, the roles of electron correlation in the transport properties of SroRuOy4 should be
analyzed on the basis of microscopic theory beyond the phenomenological FL theory, in which
only the coherent conduction is treated [10].

xz/yz

(4) Fourth, tiny amount of nonmagnetic impurities of Al gives rise to unusual negative
enhancement of the Hall coefficient [23] as shown in Fig. 1.6. This enhancement cannot be
understood within a simple Born approximation for the nonmagnetic impurity scattering in

7
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weakly correlated electron systems since in this case nonmagnetic impurities just give an ad-
ditional QP damping [16]. In addition, in a single-orbital model, this enhancement cannot be
reproduced even if the effects of strong electron correlation are taken into account. In this case,
the weak nonmagnetic impurity scattering gives rise to a suppression of the absolute value of
Hall coefficient from the value without impurities [37]. Thus, it is necessary to clarify the roles
of orbital degrees of freedom in the transport properties in the presence of dilute nonmagnetic
impurities.

(5) Fifth, the origin of the emergence of the T-linear in-plane resistivity [24] due to small
substitution of Ti** for Ru*t has not been clarified yet. The power of the temperature depen-
dence of the in-plane resistivity changes from square in SroRuOy to linear in SroRuy_,Ti,O4 at
y = 0.025, although the electronic structure of the latter is similar to that of SroRuO4. Note that
the Ti-substitution does not induce either the rotation or the tilting of RuOg octahedra [3§],
which give rise to drastic modifications of the electronic structure. From the results [11, 39] in
single-orbital systems, we expect that this 7-linear dependence will be related to the charac-
teristic momentum dependence of the QP damping due to the enhanced fluctuations near an
AF QCP. Actually, SroRu;_,Ti,O4 at y = 0.025 is located near the IC AF QCP [24, 40, 41],
whose magnetic fluctuations are nearly the same as those in SroRuQOy4. Thus, it is desirable to
investigate the in-plane resistivity in the presence of dilute nonmagnetic impurities not only in
the case of SroRuO4 but also in the case near the IC AF QCP.

1.3 Theoretical review

In this section, I briefly review several theoretical studies for the PM phase of SraRuQy, dis-
cuss their correspondence with the experimental results, and explain the remaining issues. In
particular, I argue that spatial correlation beyond the MFA plays very important roles in dis-
cussing the electronic structure and the magnetic properties. Actually, the origins of two of
the five unusual properties, shown in the previous section, have been clarified by an analysis [2]
based on the FLEX approximation that takes account of spatial correlation beyond the MFA.
Although there is a previous study [42] using the FLEX approximation, this previous study
cannot explain the above two unusual properties. This previous study [42] uses a simplified
effective interaction in which some contributions from SF have been neglected.

This section is organized as follows. I begin with previous theoretical results of the electronic
structure on the basis of the band calculations in the LDA [4, 5, 43] and in the local-spin-density
approximation (LSDA) [44], of the dynamical-mean-field theory (DMFT) [45, 46], and of the
FLEX approximation [2]. We also compare these results with the experimental results and
discuss their validities. Next, in §1.3.2, I present previous theoretical results of the magnetic
properties on the basis of the mean-field type approximations [32, 47, 48, 49] and of the FLEX
approximation [2]. I also give the comparisons with the experimental results and the discussions
about their validities. Then, in §1.3.3, I present previous theoretical results of the transport
properties on the basis of the phenomenological theory [18], discuss the validity, and explain
the remaining issues.

1.3.1 Electronic structure

First, I show the results of the band calculations in the LDA [4, 5, 43] and in the LSDA [44],
and discuss their validities.
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Figure 1.7: FS of SraRuO4 obtained in the LSDA on k, = 0 in the range of
—n/a < kg, ky < m/a in the presence and the absence of the SOI [44]. Dark and
light lines represent the F'S sheets calculated in the presence and the absence of the
SOI, respectively. In the absence of the SOI, the 4-FS (light blue) becomes very close
to the inner sheet (light green) in the (7, 7) direction. This contradicts with experi-
ments [21, 25]. In the presence of the SOI, on the other hand, the +-FS and the inner
sheet separate, which is closer to the experimentally observed FS’s. Reprinted from
Ref. [44], “Copyright 2009 by Physical Society of Japan”.

Basic properties of the electronic structure of SroRuO,4 except several properties can be
understood within the LDA. A band calculation [4] within the LDA just after the discovery [1]
of SroRuQy4 has revealed that the electronic structure near the Fermi level is essentially described
by the antibonding bands of the Ru 5, and the O 2p orbitals, and that the DOS near the Fermi
level is originated mainly from that of the Ru ¢y, orbitals. The similar results are obtained in
other band calculations [5, 43, 44]. From the results of the LSDA [44], the spin-orbit interaction
(SOI), which is estimated to be 0.167 eV for Ru atom, little affects the topology of the F'S except
the vicinity of k = (27/3,27/3) and the energy dependence of the DOS. The FS obtained in
the LSDA is shown in Fig. 1.7. The small value of the SOI is consistent with the experimental
result [31] of the magnetic susceptibility.

However, the band calculations within the LDA cannot reproduce the experimentally ob-
served occupation number of each Ru to4 orbital. To be precise, the occupation numbers of the
dy/y- and the dgy orbitals in the LDA are 1.39 and 1.23, respectively [45], which are different
from the experimental values [21] of 1.33 and 1.33. This difference arises from a quantitative
difference of the F'S between the LDA and experiments [21, 25]: as shown in Fig. 1.7, the 7-FS
becomes very close to the inner FS in the (7, 7) direction. Furthermore, this occupation number
is important in the magnetic properties discussed in §1.3.2. Thus, the LDA is inadequate to
describe the properties of SroRuQy, although the electronic structure obtained in the LDA is a
good starting point in order to include effects of electron correlation.

Next, I discuss the results [45, 46] of the DMFT. The impurity solver used in Ref. [45] is
not written, and that used in Ref. [46] is exact diagonalization.

The inconsistency in the occupation number is not resolved in a DMFT [45], although
the values are improved. For example, in the case with the intra-orbital Coulomb interaction
U = 2.3 eV and the Hund’s rule coupling J = 0.4 eV, the occupation numbers of the d,,. and
the dy, orbitals are 1.36 and 1.29, respectively [45].

9
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In the following, I explain the orbital dependence of the mass enhancement obtained in the
DMFT [45] for SraRuOy in detail.

Some authors of a DMFT [45] have proposed that the Hund’s metal be the origin of the
unusual orbital dependence of the mass enhancement of SroRuOy, since that can be reproduced
only for large values of J. Here, the Hund’s metal [50] is a metallic state with large effective
mass due to a large value of J. The mass enhancement obtained in the DMFT arises mainly
from local SF since the renormalization factors of the Ru ta, orbitals show a monotonic J
dependence.

Their results about the orbital dependence of the mass enhancement can be understood as
the combination of the two effects explained below. One is a reduction of a critical value of U
for a Mott transition, Uyr, due to an increase of J. This arises from the J dependence [51]
of the Mott gap for a to, orbital Hubbard model with n, = 4, where n, is the total occupation
number. Namely, for a fixed value of U, an increase of J leads to the approaching the Mott
transition. The other effect is that in all the parameters considered in Ref. [45], the occupation
number of the d;, orbital is nearer to 1 compared with that of the d, . orbital, resulting in the
smaller energy scale of local SF [52], i.e. the correlated Fermi temperature, of the d,, orbital.
Note that the mass enhancement is inversely proportional to a ratio of the correlated Fermi
temperature to the non-interacting one. From these two effects, an increase of J gives rise to
the larger mass enhancement of the d,, orbital compared with that of the d, . orbital [45].

However, this result [45] is drastically changed in a more realistic situation. First, the
occupation numbers of the d;, and the d,, . orbitals are the same experimentally [21]. Thus, for
the model having the experimentally observed values of the occupation numbers, the correlated
Fermi temperature of the dy, (d,./,.) orbital becomes larger (smaller) than that obtained in
this DMFT [45], resulting in the smaller (larger) mass enhancement of the d., (d,./,.) orbital.
Second, on a 2D square lattice, if we take account of spatial correlation, we obtain a strong
suppression of the mass enhancement compared with the DMFT results. Actually, in cellular
DMET [53, 54] for the single-orbital Hubbard model, the mass enhancement obtained in the
DMFT is strongly suppressed by a partial account of spatial correlation. Note that in the
cellular DMFT, the effects of spatial correlation are partially taken into account beyond the
DMFT [55]. I expect that the similar result will be obtained for multi-orbital Hubbard models.

Furthermore, even within the DMFT, it is doubtful that a large value of J is important in
order to obtain a larger mass enhancement of the d,, orbital. Another DMFT [46] for SroRuOy4
has revealed that for J = (U/4), which is larger than that used in Ref. [45], the occupation
number of the d . /,. orbital becomes nearer to 1 at U = 2.1 eV, which is the same as that used in
Ref. [45], than that of the d,, orbital. In this case, the mass enhancement of the d, ., . orbital
will be larger than that of the d, orbital. This result contradicts the proposal of Ref. [45],
i.e. the emergence of the Hund’s metal in SroRuQO4. Thus, I doubt that the Hund’s metal is
realized in SroRuQy, although there are some quantitative differences of the parameters of the
non-interacting Hamiltonian between these previous studies [45, 46].

In order to understand the mass enhancement of SroRuQy, I think that it is necessary to
include spatial correlation.

Finally, I present the results of the FLEX approximation [2] and discuss its validity.

Similarly to the DMFT [45], the experimentally observed value of the occupation numbers
cannot be reproduced in the FLEX approximation [2] for the model whose non-interacting F'S is
the same as the F'S obtained in the LDA [4, 5], although the values are improved. To be precise,
the occupation numbers of the d,./,. and the d;, orbitals are 1.357 and 1.284 at U = 2.1 eV

10
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Figure 1.8: Occupation numbers of the dy, and the d,./,. orbitals per a spin as a

function of U in a DMFT [46] of SroRuO4 at J = U/4 and T = 0.02 eV. It should be
noted that n; = 1 and 0.5 correspond to the full-filled and half-filled cases, respectively.
A is the CEF energy between the d,, and the d,./,. orbitals. The result at A =0
eV corresponds to the case of SroRuQOy since the authors have used a tight-binding
model of SroRuO,, where A has been chosen as 0 eV for simplicity. Note that the
impurity solver is exact diagonalization. Reprinted from Ref. [46], “Copyright 2007
by the American Physical Society”.

and J = (U/6) = 0.35 eV, while those at U = 0 eV are 1.375 and 1.249.

In contrast to the occupation number, the larger mass enhancement of the d,,, orbital can be
reproduced in the FLEX approximation in the range of 0 < J < (U/4), which is wider than in
the DMFT [45]. Figures 1.9 (a) and (b) show the obtained renormalization factors of the d,. /.
and the d, orbitals, which are inversely proportional to the mass enhancements. The reason
why the mass enhancement of the d, orbital is always larger than that of the d,,,,. orbital is
that spatially broad SF of the d,, orbital is strongly enhanced in all the cases considered [2].

As T show below, in contrast to the case of the DMFT [45], the results obtained in the
FLEX approximation [2] will remain qualitatively the same even in a more realistic situation.
First, I have checked in the FLEX approximation that, when the occupation number of each
Ru toy orbital at U = 0 eV is chosen as the experimentally observed value [21], the mass
enhancement of the d;, orbital remains larger than that of the d,.,. orbital [2]. In addition,
we can expect that taking account of local correlation does not lead to a strong suppression of
the mass enhancement obtained in the FLEX approximation. The reasons are as follows. (1) It
is known that for the single-orbital Hubbard model on a 2D square lattice, the terms neglected
in the FLEX approximation lead to a larger mass enhancement [56]. (2) The similar tendency
will remain even for multi-orbital cases.

The difference between the FLEX approximation and the DMFT will be understood that
on a 2D square lattice, the Mott transition is easily destabilized by spatial correlation, while an
AF instability is hardly destabilized by local correlation.

From the above discussions, I conclude that a correct treatment of both local and spatial
correlations is necessary to reproduce the experimentally observed value [21] of the occupation
numbers if we regard the electronic structure obtained in the LDA [4, 5, 43| as a good start-
ing point in order to include effects of electron correlation, and that spatial correlation plays

11
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Figure 1.9: Renormalization factors of the d,. and the d., orbitals at k =
(37/4,217/32) and (77/8,7/8) as functions of (a) U and (b) (J/U) in the FLEX ap-
proximation [2] for a 2D tight-binding model of SroRuOy,, where the non-interacting
FS is the same as that obtained in the LDA [4, 5]. 64 x 64 meshes and 1024 Mat-
subara frequencies are used. For all the cases considered, the mass enhancement of
the d,, orbital is larger than that of the d,.,,. orbital. At other wave vectors, the
similar relative magnitude is obtained. Note that the mass enhancement is inversely
proportional to the renormalization factor.

more important roles in discussing the orbital dependence of the mass enhancement than local
correlation does. In other words, the unusual orbital dependence of the mass enhancement is
originated from the stronger enhancement of the spatially broad SF of the d,, orbital than that

of the d,/,. orbital.

1.3.2 Magnetic properties

The authors of a band calculation [32] within the LDA have proposed the nesting instability
for the d,, . orbital with g ~ (27/3,2m/3). This result seems to be consistent with the result
of an INS measurement [20].

However, this result will be modified if the occupation number of each Ru ¢, orbital becomes
the same as that observed experimentally [21]. (As described in §1.3.1, the occupation numbers
of the d,./,. and the d, orbitals in the LDA are 1.39 and 1.23, which are different from the
experimental values, 1.33 [21].) The reason is as follows (see Fig. 1.10). The increase (decrease)
of the occupation number of the dyy (d,./y.) orbital means that the bands of the duy (d,./y.)
orbital should be lower (higher). As a result, the DOS of the d,. . (dxy) orbital near the Fermi
level decreases (increases). Then, these changes of the DOS give rise to the decrease (increase)
of the susceptibility of the d,./,. (dsy) orbital.

Actually, in the RPA [47, 48] for the model having the experimentally consistent occupation
number [21], it is shown that the dominant contribution to the spin susceptibility arises from
the d,, orbital and the wave vector of the primary instability becomes g ~ (7, 7/2), although
for large values of the Hund’s rule coupling there appears an enhancement of the IC AF SF
located at g ~ (27/3,27/3). The results in the RPA [48] are shown in Figs. 1.11 (a) and (b).
(Note that there is a quantitative difference between Refs. [47] and [48] due to a slight difference
of the choice of hopping parameters.) There is another previous study [49] in the RPA, showing
that the primary contribution to the spin susceptibility arises from the d,, . orbital. However,
this result is incorrect since the occupation numbers used in Ref. [49] are inconsistent with the
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Figure 1.10: Non-interacting DOS of a 2D tight-binding model of SroRuO,, where the
occupation number of each Ru t»4 orbital is the experimentally consistent value, 1.33.
Green and blue arrows represent the changes of the DOSs of the d,.,,. and the d,
orbitals, as the occupation number becomes the value obtained in the LDA [4, 5, 43].
These changes lead to a decrease (an increase) of the DOSs of the d ./, . (d.,) orbital
near the Fermi level.

experiment [21].

In contrast to the cases of the mean-field type approximation [32, 47, 48, 49], the IC AF SF
located at g ~ (27/3,27/3) is reproduced in the FLEX approximation [2] by using the model
whose occupation number of each orbital without interactions is the same as the experimentally
observed occupation number [48]. The similar result is obtained in another model whose non-
interacting FS is the same as that obtained in the LDA [4, 5]. In the former (latter) model,
electron correlation leads to the occupation number leaving (approaching towards) the value
observed experimentally [21]. Namely, if spatial correlation is taken into account beyond the
MFA, it is natural to reproduce the IC AF SF observed experimentally in a wide range of the
parameters of the non-interacting Hamiltonian.

As revealed by the analysis of the FLEX approximation [2], the essential factor to understand
the unusual magnetic property is the cooperative enhancement of SF for all the Ru 5, orbitals,
which is induced by the merging of the nesting vectors for the d,/,. and the d;, orbitals due
to the deformation of the F'S. In other words, the self-energy correction of electrons beyond the
MFA plays significant roles in discussing the magnetic properties. Actually, we see from Figs.
1.12 (a)-(c) that when the peaks of SF for the d,,. and the d,, orbitals are set to merge, the
IC AF SF located at g = (27/3,27/3) becomes primary.

Thus, I conclude that spatial correlation beyond the MFA is essential for understanding the
magnetic properties of SroRuQy.

1.3.3 Transport properties

In this section, I present the result of the transport property of SraRuO,4 within the phenomeno-
logical theory [18]. A phenomenological theory [18] can reproduce the temperature dependence
of the in-plane resistivity and the Hall coefficient, as shown in Figs. 1.13 (a) and (b). In this the-
ory, these transport coeflicients are calculated within the relaxation time approximation using a
tight-binding model of SraRuQOy4. Here the authors give the QP damping, 1/7,, by the following
momentum-independent form with some ad hoc parameters: 1/7, = 1, + a,T?, where a = d,
dyz, dyy, {n} = (2.75,2.75,3.25), and {a} = (0.035,0.04,0.06). Note that this QP damping is
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Figure 1.11: Momentum dependence of (a) the static susceptibility in a spin sector
and (b) the static spin susceptibility, Za,b X,(i)bb(q7()), within the RPA at T' = 0.02
eV for a 2D tight-binding model of SroRuO4 having the experimentally consistent
occupation number [48]. 128 x 128 meshes and 1024 Matsubara frequencies are used.
U, is a critical value of the magnetic transition, which is U. = 0.975 eV at Jy = U/6.
The wave vector of the corresponding instability is g ~ (m,7/2). At a small (large)
value of Jy, U, is larger (smaller) than the value at Jy.
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Figure 1.12: Momentum dependence of the static susceptibility in a spin sector at
U =1, 1.6, 2.1 eV in the FLEX approximation [2] for a 2D tight-binding model of
SroRuOy, where the non-interacting F'S is the same as that obtained in the LDA [4, 5].
64 x 64 meshes and 1024 Matsubara frequencies are used. 1, 2, and 3 denote the d.,
the dy ., and the d,, orbitals, respectively.

the typical form in the FL [16]. In addition to the above QP damping, the authors add the
T-linear term, 0.67", only for the d,, orbital in the case of the in-plane resistivity, assuming
that SroRuQy is a nearly FM metal. This assumption is inconsistent with the experiment [20)].
However, the similar temperature dependence of the in-plane resistivity will be obtained at low
temperatures in the cases without the above T-linear term since the dominant contribution to
the in-plane conduction will arise from the d,./,. orbital, whose QP damping is smaller than
that of the d, orbital.

Although the above phenomenological theory seems to be reasonable, it is necessary to
analyze the transport properties beyond the phenomenological theory, i.e. on the basis of
a microscopic theory satisfying conservation laws, since the following factors lacking in the
phenomenological theory will be important in Ru oxides. As I will explain in §2.3.1, to obtain
the thermodynamically consistent result about transport, we should treat conservation laws
correctly.

One is the momentum dependence of the self-energy of electrons. The real and the imaginary
parts of the self-energy lead to the renormalization of the band velocity and the QP damping.
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Figure 1.13: Temperature dependence of (a) the in-plane resistivity and (b) the Hall
coeflicient on the basis of the phenomenological theory in the relaxation time approxi-
mation by using a tight-binding model of SroRuO4 and assuming a typical FL type QP
damping. The solid lines in (a) and (b) are the theoretical results, and the triangles in
(a) and (b) show experimental data from Ref. [22] and from Ref. [30], respectively.
[These experimental data are shown in 1.3 (a) and (b).] Reprinted from Ref. [18],
“Copyright 2000 by the American Physical Society”.

In particular, the effect of the momentum dependence of QP damping becomes considerable for
a quasi-2D SCES since the van Hove singularity (vHs), which exists in 2D systems [57], gives
strong momentum dependence. Actually, it is known that for a single-orbital Hubbard model
on a 2D square lattice near the AF QCP [11, 58], the strong momentum dependence of the
QP damping gives rise to the non-FL-like temperature dependence of the in-plane resistivity.
As I will show in §2.3.1, the resistivity is proportional to the QP damping when only the most
divergent contributions with respect to the QP lifetime, which is the inverse of the QP damping,
are taken into account. It should be noted that in addition to SroRu;—,Ti,O4 [24] at y = 0.025,
Cag_,Sr,RuOy [59] around = = 0.5 shows the non-FL-like temperature dependence of the in-
plane resistivity [Fig. 1.14 (a)], indicating the importance of the momentum dependence of the
imaginary part of the self-energy of electrons.

Another factor is the temperature dependence of the electron-hole four-point VF. The
electron-hole four-point VF describes the multiple electron-hole scattering [10], which is strongly
enhanced and shows unusual temperature dependence near a QCP [39]. Similarly to the mo-
mentum dependence of the self-energy of electrons, this plays very important roles in discussing
the transport properties of SCES since, as we will see from Eq. (2.47) in §2.3.1, this leads to a
correction to the current. In particular, the effect is significantly important in the Hall coeffi-
cient compared with the resistivity [11, 15]. As we will see from Egs. (3.5) in §3.3 and (3.14) in
§3.4, this difference arises from the dependence on the correction of the angle for the current,
which plays the most important role in discussing the effect of electron correlation on the Hall
coefficient. Actually, it is known that for a single-orbital Hubbard model on a 2D square lattice
near the AF QCP, the temperature dependence of the electron-hole four-point VF gives rise to
the CW-like temperature dependence of the Hall coefficient [11, 15]. The similar temperature
dependence has been experimentally observed in Cas_,Sr,RuO4 around x = 0.5 [23], as shown
in Fig. 1.14 (b). Thus, the effect of the temperature dependence of the electron-hole four-point
VF is also necessary to be analyzed.
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Figure 1.14: Temperature dependence of (a) the in-plane resistivity [59] of
Cag_;Sr,RuOy4 and (b) the Hall coefficient [23] of Cag_,Sr,RuOy, in the weak mag-
netic field. In the measurement of (b), the magnetic field sweeps from —2 to 2 T for
T < 50 K and from —3 to 3 T for " > 50 K. (a) and (b) are reprinted from Ref. [59],
“Copyright 2000 by the American Physical Society” and from Ref. [23]., “Copyright
2001 by the American Physical Society”, respectively.

1.4 Motivation

As explained above, the origins of three of five unusual properties of SroRuO4 have not been
clarified yet, and there are two remaining issues.

The aims of the analyses of this thesis are to clarify the origin of unusual transport proper-
ties of Ru oxides and to reveal the effects of both the momentum dependence of the self-energy
of electrons and the temperature dependence of the electron-hole four-point VF in multi-orbital
SCES from a theoretical point of view. In particular, the goals are to clarify the origins of
the unusual transport properties of Ru oxides and to understand what are the effects of orbital
degrees of freedom on the transport properties of SCESs. However, in this thesis, I do not inves-
tigate out-of-plane conduction and the effects of dilute nonmagnetic impurities on the transport
properties due to the difficulties of the treatment. In the former case, the difficulties are the
treatments of the three-dimensionality and of the incoherent conduction at high temperatures.
In the latter case, the difficulty is the treatment of nonmagnetic impurity scattering in the pres-
ence of strong electron correlation. Although the studies of these issues are remaining future
problems, I believe that the results obtained in this thesis will lead to a deep understanding of
the transport properties not only in Ru oxides but also in other multi-orbital SCESs.

In order to clarify the effects of both the momentum dependence of the self-energy of elec-
trons and the temperature dependence of the electron-hole four-point VF, I study an effective
model of SroRuQOy4 in the FLEX approximation including the MT CVC. For simplicity of the
actual calculations, I do not consider the case of Cas_,Sr,RuQO4 around x = 0.5, where the
rotation of RuOg octahedra leads to a unit cell doubling [38].

The treatment used in this thesis is valid to analyze the transport properties in the regions
near a QCP at low temperatures. These regions correspond to red ellipse shown in Fig. 1.15.
The reason of this applicability is as follows. The transport coefficients are derived by taking
account of the most divergent terms with respect to the QP lifetime. This derivation is valid
in the metallic phases except high temperature regions. In addition, I neglect the AL CVCs
and consider only the MT CVC, since those are of higher order than the MT CVC. In general,
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Figure 1.15: One of the typical phase diagrams for SCESs. T is temperature and z
is a certain tuning parameter (e.g. pressure). Red ellipse represents the region where
the treatment used in this thesis is valid since the contribution of the AL CVCs will
be very small compared with the MT CVC in this region.

we should include both the MT and the AL CVCs to obtain the thermodynamically consistent
result. However, my approximation to neglect the AL CVCs will be valid to analyze the effects
of the two factors neglecting in the phenomenological theory on the transport properties near
an AF QCP qualitatively since the contribution of the AL CVCs will be very small compared
with that of the MT CVC near the QCP. Actually, for a single-orbital Hubbard model on a 2D
square lattice, it is shown that the AL CVCs are negligible compared with the MT CVC near
the AF QCP [11, 15]. The similar result will be obtained even for the present multi-orbital
Hubbard model. However, the check of the validity is a remaining future problem.

The reason why I use the model of SroRuQy4 is that this model contains not only orbital
degrees of freedom but also the vHs, which gives rise to unusual transport properties as the case
of single-orbital systems [11, 58]. I think that the model of SroRuQOy is suitable to investigate
the roles of both the momentum dependence of the self-energy of electrons and the temperature
dependence of the electron-hole four-point VF in determining the transport properties of multi-
orbital SCESs from a theoretical point of view.
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Chapter 2

Formalism

In this chapter, I explain the method to analyze the magnetic, the single-particle and the
transport properties of SroRuQOy4. In §2.1, I begin with the explanation about an effective model
of SroRuQy, i.e. the Ru to, orbital Hubbard model on a 2D square lattice within the next-
nearest-neighbor (NNN) hopping, and about how to choose the parameters. Next, in §2.2,
I explain the FLEX approximation for multi-orbital systems, which is used to treat effects
of electron correlation, following the discussion in Refs. [6, 7]. I also give several remarks
on its applicability from a theoretical point of view on the basis of some previous theoretical
studies [56, 60] for the single-orbital Hubbard model on a 2D square lattice. Then, §2.3 is devoted
to the general derivations of the resistivity and the Hall coefficient for multi-orbital systems on
the basis of the microscopic FL theory. In this treatment, only the most divergent contributions
with respect to the QP lifetime are considered. As a result, the longitudinal and the transverse
conductivities are proportional to the linear and the square terms, respectively. Finally, in §2.4,
I give the general derivation of the irreducible electron-hole four-point VF, which is necessary
to determine the resistivity and the Hall coefficient, by using the FLEX approximation. Here
we call irreducible all diagrams that cannot be split into two parts by removing an electron-hole
pair [10]. The derivations shown in §2.3 and §2.4 are just the extensions of those [8, 9, 11] in
the single-orbital case.

Hereafter, the following units and notations are used. I set A = ¢ = ug = kp = 1, and
choose the coordinates x, y, and z in the directions of the Ru-O bonds [see Fig. 1.1 (a)]. For
convenience, the d,., the d,. and the d,, orbitals are labeled 1, 2 and 3, respectively. In some
cases shown below, the spin degree of freedom is not explicitly written since we consider only

Guk)  Dbealk+q.kik+qg.k)

k+q, a k'+q, c

b ————a

k b kK, d

Figure 2.1: Diagrammatic representations of the single-particle Green’s function and
the electron-hole irreducible four-point VF. The definitions for other electron-hole
four-point VF's are the same.
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PM states without the SOI. For brevity, the electron-hole four-point VF is called the four-point
VF since all the four-point VF we consider below are electron-hole type except a discussion in
§2.2.2. I use the abbreviations, k and ¢, which are k = (k, iw,,) and q = (q, i€2,,) in Matsubara
frequency representation or are k = (k,¢) and ¢ = (q,w) in real frequency representation,
where k = (k;, ky) and g = (¢, qy) are wave vectors, wy, and (2, are fermionic and the bosonic
Matsubara frequencies, i.e. w,, = 71(2m + 1) and Q,, = 27Tn with integers, m and n, and
temperature, T. In the diagrammatic representations shown below, the single-particle Green’s
function and the four-point VF are defined as those shown in Fig. 2.1. In this definition,
the direction of the single-particle Green’s function is opposite to that used in a standard
textbook [16]: the arrow I use goes from the point where an electron is created to that where
an electron is annihilated.

2.1 Effective model of Sro,RuQO,

In this section, I show an effective model of SraRuQy4 to analyze the magnetic, the single-particle
and the transport properties at low temperature, and explain how to choose the parameters.
In this effective model, I neglect the SOI, for simplicity, assuming that the effect will be small.
(As described in §1.3, the theoretical estimate of the value in the LSDA is 0.167 eV [44], which
is small compared with other energy scales.)

In order to analyze the properties of SroRuQOy, I consider the Ru t2, orbital Hubbard model
on a 2D square lattice within the NNN hopping:

H = Hy + Hiu, (2.1)
R 3
Hy= Y 3 % ewlk)el, cuns, (2.2)
k a,b=1s=1,]
ﬁint = UZ Z nJaTnJ(w + U’ Z Z Z n]angb
Jj a=1 J a=1lb<a
3
- JH Z Z Z (2'§ja : -§jb + %ﬁjaﬁjb) z Z Z jat ]a¢CJb¢CJbT (2.3)
j a=lb<a j a=lb<a

Here I have introduced several quantities: é}; us (Ckas) is the creation (annihilation) operator
that creates (annihilates) an electron in a with spin s at k, fjq = Y, figs = Sé;[a <Cias)
Sia = (1/2) ", ,c;rasa&sréias/ with o ¢ being the Pauli matrices, and eq(k), U, U’, Jy, and
J' represent the energy dispersions measuring from the chemical potential, i, the intra-orbital
and the inter-orbital Coulomb interactions, the Hund’s rule coupling, and the pair hopping,
respectively. The chemical potential is determined so that the total occupation number, n,,
satisfies n, = 4:

2 2T 3 (0)
N 2 f(eall)) + 7 32 32 [Gaalk) — Goa (R)]. (24)

Here 2 is the factor of the spin degeneracy, « is the band index, f(e) is the Fermi-Dirac distri-
bution function,

€a<k> = bi (U]Da;aeab<k)(Uk)b;ay (2.5)

a,b=1
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Figure 2.2: Schematic picture of the in-plane hopping processes for the Ru t», orbitals
within the NNN hopping. The difference of a color in each orbital represents that of
the sign of the wave function.
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Figure 2.3: (a) FS and (b) DOS of the effective model for Ay, = —0.13 eV, where the
non-interacting FS is the same as that obtained in the LDA [4, 5], and (c) F'S of the
effective model for A;, = 0 eV, where the occupation numbers of these orbitals are
1.33.

with (Uk)a;e being a unitary matrix to diagonalize Hy, and Gl(l%)(k) and Gy (k) are the non-
interacting and the interacting single-particle Green’s functions, whose chemical potentials are

the same. ng)(k:) is given by

sz(l?(k) = (Uk)asa- ! (U;i)a;b, (2.6)

o iwm — €q(k)
and the method to determine Gyp(k) is described in §2.2. The reason why Eq. (2.4) is used
instead of the equation where only G, (k) appears is to exclude the ultraviolent divergent term
in it.

In order to carry out numerical calculations, I choose the parameters in ﬁo and I:Iim as
follows.
For the non-interacting part, ﬁo, the energy dispersions are given by

A
e11(k) = ;29 — 2ty cos kg — 2ta cosky — p, (2.7)
e12(k) = e21(k) = —4t'sink, sin ky, (2.8)
A
exn(k) = ;29 — 2ty cos kg — 2tq cosky — p, (2.9)
27,
esz(k) = — & — 2t3(cos kg + cos ky) — 4ty cos kg cosky — (2.10)
cap(k) = 0  otherwise , (2.11)
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and the parameters are chosen so as to reproduce the band structure obtained in the LDA [4, 5]:
the hopping integrals within the NNN hopping processes shown in Fig. 2.2 are (t1, to, t3, t4,t') =
(0.675,0.09,0.45,0.18, —0.03) (eV) and the CEF energy between the d;, and the d, ., . orbitals
are Ay,, = —0.13 eV [2]. Figure 2.2 shows the schematic pictures of the in-plane hopping
processes for the Ru ty4 orbitals within the NNN hopping. This choice of the parameters is
based on the assumption that the electronic structure obtained in the LDA [4, 5] is a good
starting point in order to include correlation effect beyond the mean-field level. In this choice,
the total bandwidth is about 4 eV, the occupation numbers of the d, .. and the d;, orbitals
are 1.38 and 1.25, respectively, the v-FS is located nearer to the inner F'S than in the case of the
experiments [21, 25|, and the vHs for the d,, orbital is located above the Fermi level. The FS
and the DOS of this effective model are shown in Figs. 2.3 (a) and (b), respectively. Note that
if we set Ay,, = 0 eV, the occupation numbers of the Ru 5, orbitals become the experimentally
observed values [21], i.e. 1.33. In this case, the obtained FS is in better agreement with the
experimentally observed FS [21, 25] than for A, = —0.13 eV [compare Figs. 2.3 (a) and (c)].

For the interacting part, ﬁim, I use the FLEX approximation, which is one of the pertur-
bation theories to take account of effects of electron correlation. The detailed treatment is
described in the next section.

2.2 FLEX approximation for multi-orbital systems

In this section, I briefly explain the FLEX approximation for multi-orbital systems, which is
used to treat effects of electron correlation, by following the discussion of Refs. [6, 7], and give
several remarks on its applicability from a theoretical point of view. These remarks are based on
some previous theoretical studies [56, 60] for the single-orbital Hubbard model on a 2D square
lattice.

As I will explain below in detail, the FLEX approximation is suitable for describing the
electronic and the transport properties at low temperatures with moderately strong electron
correlation qualitatively. In particular, the suitability becomes better in analyses of the trans-
port properties such as the resistivity and the Hall coefficient than in those of the electronic
structures since the importance of the electronic state near the Fermi level, which can be appro-
priately treated in the FLEX approximation, is more significant in these transport properties.

2.2.1 General derivation

After explaining what the FLEX approximation is and its merits from a theoretical point of
view, I show the self-consistent loop of this approximation, which is used to determine the
single-particle quantities and the susceptibilities.

The FLEX approximation is a perturbation theory beyond the RPA on the basis of a con-
serving approximation [3, 60, 61, 62]. In this approximation, the renormalization of fluctuations
due to electron correlation is taken into account within the one-loop order. It is noted that in
the conserving approximation, whose discussion is based on a free energy, conservation laws
hold automatically [61, 62]. To be precise, in the conserving approximation [61, 62], choosing
the form of the Luttinger-Ward functional, ®1w[G], which appears in the free energy, we ob-
tain some quantities by the functional derivations of ®rw[G]. It is also noted that the reason
of the name of the FLEX approximation is that in this approximation, exchange of collective
excitations can be taken into account systematically [3, 60].
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There are several merits of the FLEX approximation. One is to satisfy conservation laws for
bulk quantities automatically. This is crucial for obtaining a reasonable description of transport.
Another merit is to include spatial and local correlation in principle, although the account of
local correlation is not appropriate for large values of electron correlation [56]. Another merit
is to take account of the mode-mode coupling of fluctuations partially through the self-energy
of electrons [3]. This account of the mode-mode coupling leads both to a suppression of the
instability obtained in the RPA and to the Curie-Weiss (CW) like temperature dependence of
the susceptibilities at several wave vectors. (As I will present in §3, the CW like temperature
dependence is obtained in the FLEX approximation for an effective model of SroRuQOy.)

It should be noted that the terms neglected in the FLEX approximation give rise to a
larger mass enhancement, a larger suppression of the instability and a stronger temperature
dependence of the susceptibilities in the case of the single-orbital Hubbard model on a 2D
square lattice [56, 39]. Even for multi-orbital Hubbard models on the same lattice, we will
obtain the similar result.

I go on to show the self-consistent loop of the FLEX approximation, which is used to
determine the single-particle quantities, the susceptibilities, and the effective interaction.

For the actual calculations, I use ®rw[G] consisting of bubble and ladder diagrams only for
electron-hole scattering processes [6, 7], which become very important near a QCP [39]. Corre-
spondingly, Ggp(k), the self-energy of electrons, ¥.;(k), and the effective interaction, Vipeqa(q),
are determined by the following set of equations:

Gab(k) = Gab(k) + Z Gg%)(k)zcd(k)Gdb(k)a (212)
c,d
T
Xabcd(Q) = _N zk: Gdb<k)Gac(k + Q), (213)
(9) _ FS () 214
R0) = Xar0) + 32 Xttt O e X @), (2.14)
C C
Xoa(9) = Xabea(q) — > Xabat (@O0 Sy X e () (2.15)
3
Vade( ) 5 {Z Faba’b’xa/g’ ’d/( )Fg’d’cd + 2F§bcd
C 1
+ 5 Z/: Facba’b’xc(z’b)’c’d’(q)rgd’cd - irc?bcd
B {Z} 3 (Cosaryy + Tabart ) Xave'a (03 (Coarea + Tarea): (2.16)
T
Z ( ) N z abcd( )de(k - q)' (217)
q bd

Here 3 (o = > 45> and ng/ )( ) and Fiéc(il are the susceptibility for a spin/charge sector
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and the bare interaction vertex for a spin/charge sector, which is given by

(

u/u fora=b=c=d
Ju/(QU' — Ju) fora=b#c=d
Filﬁ: U/)(=U" +2Ju) fora=c#b=d . (2.18)
J)J fora=d#b=c
0/0 otherwise

Note that the set of equations of the FLEX approximation, Eqs. (2.12)—(2.17), is easily derived
by calculating the RPA type but renormalized effective interaction consisting of bubble and
ladder diagrams for electron-hole scattering processes for H and neglecting the VC in the
susceptibilities.

Concerning Eqgs. (2.12)—(2.17), there are two remarks. One is that Xgld(q) and nggd(q)
contain information about SF and spin-orbital-combined fluctuation and about charge and or-
bital fluctuations [17], respectively. Note that spin-orbital-combined fluctuation is characterized
by the correlation function for the spin-orbital operator, the product of the irreducible matrices
of spin and orbital degrees of freedom [17]. For example, for the to4-orbital Hubbard model,
the operator is the product of the Pauli matrix for a spin degree of freedom and the Gell-Mann
matrix for an orbital degree of freedom [17]. The other remark is that the last term in Eq.
(2.16) is introduced in order to avoid a double counting of the topologically equivalent diagram
in the self-energy of electrons.

2.2.2 Applicability

Before going to the next section, I briefly remark on the applicability of the FLEX approximation
from a theoretical point of view. Several remarks are given by the comparisons between the
results in the FLEX approximation and others for the single-orbital Hubbard model on a 2D
square lattice. Others are the results of quantum Monte Carlo (QMC) simulation [60] and those
in the second-order and the fourth-order perturbation theories [56] with respect to U. In these
calculations, the NNN hopping integral has been neglected, although in Ref. [60] the value has
not been written explicitly.

At a moderately large value of U, the single-particle Green’s function obtained in the FLEX
approximation is in a qualitatively good agreement with that obtained in QMC simulation,
although there are quantitative differences at a certain wave vector [60], as shown in Figs. 2.4
and 2.5. In particular, we see from these figures that the agreement is better for (n) = 1
than for (n) = 0.875. This indicates that when a system is located nearer to an AF QCP, the
more suitable the FLEX approximation is. Note that parquet approximation, whose results are
also compared with the others in Figs. 2.4 and 2.5, is one of the perturbation theories, where
the three kinds of the irreducible four-point VFs, i.e. longitudinal and transverse electron-hole
types and electron-electron type, are self-consistently determined by the (parquet type) Bethe-
Salpeter (BS) equations. Namely, the FLEX approximation corresponds to the first step in an
iterative solution of this parquet approximation.

On the other hand, when the value of U is very large, the FLEX approximation becomes
unsuitable for describing the electronic structures. This unsuitability arises from the inappro-
priate treatment of local correlation since local correlation becomes important for large values
of U [52, 64]. Actually, in the FLEX approximation, the incoherent peak in electronic spectrum,
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Figure 2.4: Single-particle Green’s function obtained in several methods for the single-
orbital Hubbard model. 8 x 8 meshes are used and (n) is fixed at 1. We see the better
agreement between the results of the QMC simulation and the FLEX approximation
than the agreement between those of the QMC simulation and the parquet approxi-
mation. The situation becomes opposite for (n) = 0.875, i.e. away from half-filling.
Reprinted from Ref. [60], “Copyright 1991 by the American Physical Society”.
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Figure 2.5: Single-particle Green’s function obtained in some methods for the single-
orbital Hubbard model. 8 x 8 meshes are used and (n) is fixed at 0.875. We see the
worse agreement between the results of the QMC simulation and the FLEX approx-
imation than the agreement between those of the QMC simulation and the parquet
approximation. The situation becomes opposite for (n) = 1, i.e. half-filling. Reprinted
from Ref. [60], “Copyright 1991 by the American Physical Society”.

which arises from local correlation, is smeared out for large values of U at half-filling [Figs. 2.6
(b)], although in the second-order and the fourth-order perturbation theories, the incoherent
peak appears [compare Figs. 2.6 (a) and (c)] [56].

However, the FLEX approximation can capture the pseudo-gap behavior near the Fermi
level due the momentum dependence of the QP damping, which is induced by the enhanced AF
SF; the similar pseudo-gap behavior is obtained in the fourth-order perturbation theory [Fig.
2.6 (c)], although the second-order perturbation theory is insufficient to capture this behavior
[Fig. 2.6 (a)].

From these comparisons, it is deduced that the FLEX approximation can appropriately
describe only the coherent part of electronic spectrum and cannot appropriately describe the
incoherent part due to local correlation. In particular, the FLEX approximation can capture
the pseudo-gap behavior near the Fermi level [56, 63], which is one of the unusual electronic
behaviors in SCESs. However, this approximation cannot capture the Mott transition due to
local correlation [64, 65, 66].

It should be noted that it is better to describe the transport properties such as the resistivity
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Figure 2.6: DOS obtained in (a) the second-order perturbation theory, (b) the FLEX
approximation, and (c) the fourth-order perturbation theory for some values of u = U/t
by using the Padé approximation. 64 x 64 meshes and 1024 Matsubara frequencies
are used. There are two remarks to be drawn. One is that the pseudo-gap behavior
near the Fermi level is obtained in the fourth-order perturbation theory and the FLEX
approximation, while the second-order perturbation theory is insufficient to describe
this. The other remark is that the incoherent peak appears in the second-order and the
fourth-order perturbation theories, although at the same value of u the incoherent part
is smeared out in the FLEX approximation. Reprinted from Ref. [56], “Copyright
2008 by Physical Society of Japan”.
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and the Hall coefficient by the FLEX approximation than the electronic structures since the
importance of the coherent part of electronic spectrum, which can be well treated in the FLEX
approximation, becomes more significant for these transport properties in metallic phases.

Since the similar result with the results described above will be obtained even in multi-orbital
Hubbard models on a 2D square lattice, I conclude that the FLEX approximation is suitable
for describing the electronic properties and the transport properties at low temperatures with
moderately strong electron correlation qualitatively.

Note that the single-particle Green’s function obtained in the FLEX approximation is not
perfectly the same as that for the standard FL theory [10, 16], where the momentum dependence
of the QP damping is neglected. This is the reason why I use the word of the microscopic FL
theory instead of the FL theory in the formulations of the resistivity and the Hall coefficient. As
I will show in §2.3, I assume that the main contribution of the single-particle Green’s function
arises from the coherent part of the electronic spectrum, which is not perfectly the same as
the standard FL theory but has the similar singularity in w-limit or g-limit, and derive the
transport coefficients.

2.3 Transport coefficients on the basis of the microscopic FL
theory

In this section, I give the general derivations of the resistivity and the Hall coefficient in the
weak-field limit for multi-orbital systems on the basis of the microscopic FL theory. These
derivations are just the extension of those [8, 9] in the single-orbital case.

In the following, let us consider the in-plane current and a short-ranged interacting system
with orbital degrees of freedom. In the case of a short-ranged interacting system, the singularity
of the two-particle Green’s function, which appears in the conductivities, in g-limit or w-limit
arises from the product of the single-particle Green’s functions whose poles coincide [10, 16]. In
the case of a long-ranged interacting system, the singularity arises not only from that product
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but also the direct term of interaction. The change of the treatment from the formulation
presented below is just the replacement of the kind of the unit of the summation of the four-
point VF from irreducible to proper irreducible [10]. Here we call proper all diagrams that
cannot be split into two parts by removing a single interaction line [10].

2.3.1 Resistivity

I begin with the general derivation of the resistivity for multi-orbital systems by extending that
for single-orbital systems, given by G. M. Eliashberg [8].

The outline of the derivation is as follows. Since the resistivity is the inverse of the static
longitudinal conductivity, we consider the longitudinal conductivity on the basis of the Kubo
formula [67]. After carrying out the analytic continuations of the terms appearing in the lon-
gitudinal conductivity, the exact expression is obtained. In particular, the expression can be
written in a more compact form by using the three-point vector VF, which is the current includ-
ing all the corrections due to electron correlation, instead of the irreducible four-point VF'. Since
the exact expression is difficult to solve, we consider a simplified case: only the most divergent
terms with respect to the QP lifetime are taken into account. This procedure is based on the
microscopic FL theory, and is correct in the coherent limit, i.e. the QP dampings at all the wave
vectors are small compared with temperature considered. In addition, this procedure remains
approximately correct, even when QP dampings at some wave vectors are not small compared
with temperature considered. The reason is that in that case the QP dampings at the others are
small and electrons at these wave vectors lead to the dominant contributions to the transport
properties such as the resistivity. In this treatment, the longitudinal conductivity is given by
the terms related to the retarded-advanced pair of the single-particle Green’s function since that
pair is proportional to the QP lifetime and the other pairs (i.e. retarded-retarded and advanced-
advanced types) are of higher order. Thus, the longitudinal conductivity is proportional to the
linear term with respect to the QP lifetime in this treatment.

From the Kubo formula [67], the longitudinal conductivity is given by

KW (k, k' w) — KUY (K, K/ 0)

0o =262 3 3 (Vka ) ba (Vi ) eq lim —2 , (2.19)
kK {a} w—0 w
Here 2 is the factor of the spin degeneracy, (Vgz)pq 1S
Oeq(k
(vhe oo = S00 o (U], (2.20)

and [N(g{c)d(k, k': w) is obtained by the analytic continuation of Kpeq(k, k'; i€2,), which is

. . | N T
Kapea(k, K';iQ) = N/ dretn <TTcLb(T)cka(7)chck/d)
0
T
= — 5k’klﬁ Z Gac(kﬁ, 1€ + iQn)Gdb(k, iem)

T2
N > ’ {%} Gaa(k,ienm +1Q2,)Gyp (K, iEm/)F{A}(kZ, ki)

X GBb(k, iem)Gcc(k/, 1€, + ZQn) (2.21)
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Figure 2.7: Dyson’s equation of Eq. (2.21).
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Figure 2.8: Relation between the reducible and the irreducible four-point VF. Black
(white) square represents the reducible (irreducible) four-point VF.

The corresponding diagrammatic representation is given in Fig. 2.7. Here I'f 41 (, K';i€,) is the
reducible four-point VF, which is related to the irreducible four-point VF by the BS equation,
as shown in Fig. 2.8, and I have used the following abbreviation:

F{A}(k‘, /6,; ZQn) = FABCD(ka 1€m + 10, k, i€y; k:l, 1€ + 180, k/, iem/). (2.22)

Thus, in order to obtain the longitudinal conductivity, we have to carry out the analytic
continuation of f(abcd(k, K';i€2,) with respect to Matsubara frequencies to real frequency plane.
It should be noted that i€2,, — w+1i0+ is carried out after taking the summation with respect to
Matsubara frequencies. (Simple cases of the analytic continuation are explained in a standard
textbook [16].)

For the first term of Eq. (2.21), the analytic continuation is simple, and the result is

T
— 5k’k/N Z Gac(k, 1€ + iQn)Gdb(k, iém)
1 de € .
= — 5k7k,7 —,tanh—Gac(k,e—i—an)Gdb(k,e)

o g
:_5’“’“’N/ © [tanh Gk, e + i) (G5, ) ~ G (k)

4m

+ tanh o (G<R>(k €) — Gg@(k,e))(;(/,j)(k,e—mn)}

S 1/Ood6 tanh (ks w) + <ta DY fanh S ) (ks w)
k,k’N - 47_[_. 2Tglacdb w oT n 92;acdb\ K3 W

_ tanh < 2T gg acdb(K; w)] (2.23)

where the contour C is shown in Fig. 2.9 (a), — represents €2, — w + i0+, and

Graacan(k;w) = GB (ke +w)G (K, €), (2.24)
g?;acdb(k; w) = G((IIZ’L) (k7 €+ w)GEl/l?) (ka E)a (225)
I3sacap (ki w) = GO (K, e + w)GWY (K, ). (2.26)
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(a) (b)

Figure 2.9: Contours (a) C and (b) C’ used for the analytic continuations of the first
and the second terms of Eq. (2.21). Note that (b) is one of the orderings of the
locations of the poles, and there are the other orderings (see Fig. 2.10).

As I will explain below, g2.4cqp(k;w), which is proportional to the liner term of the QP lifetime,
is most important when we consider the most divergent contributions with respect to the QP
lifetime to the conductivities.

For the second term of Eq. (2.21), the analytic continuation is complicated but can be
carried out by paying careful attention to several points explained below.

In order to carry out the analytic continuation of the second term of Eq. (2.21), it is
necessary to elucidate the analytic properties of the four-point VF.

For this purpose, it is sufficient to elucidate the analytic properties of the two-particle Green’s
function since that is connected with the four-point VF by the BS equation [10]. The analytic
properties of the two-particle Green’s function, K (e, ¢’;w) with the complex variables, €, €/, and
w, are elucidated by the Lehmann representation. [For brevity, parameters of K (e, €’;w) except
the Matsubara frequencies are discarded here.] Note that the Lehmann representation is given
by

K(e, ;w)
11
=77 al,ags,m A(ay, ag, as, ay)
x| e P (2P 4+ 1) eI (e 1 1)
(AEy; — € —w)(AFE31 —e — € —w)(AEy —¢) (AEj2+ e+ w)(AE3y — € )(AE  + w)
N e—Eg/THj;ég(eAEgj/T + 1) B e—E4/THj#4(€AE4j/T + 1) }
(AE13+ e+ € +w)(AEss + €¢)(AE3 + € +w)  (AFE1y +€)(AEy — w)(AE3y — €)1’
(2.27)

where Z is the grand partition function, AE;; = E; — Ej, and A(oq, ag, a3, o) represents the
product of the matrix elements of the annihilation and the creation operators.
Since the important points for the discussions about the analytic properties are the denom-
inators of Eq. (2.27), we find that the two-particle Green’s function has singularities when
Ime = 0, (Ime + Imw) =0, Ime’ =0, (Ime’ + Imw) = 0,
(Ime + Ime’ + Imw) = 0, (Ime — Ime’) = 0. (2.28)
Thus, the whole space of the variables ¢, €/, and w is divided into several regions, shown in Fig.
2.10. As I will show below, the contributions from the regions 22-I1, 22-I11, and 22-IV are very
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Figure 2.10: Several regions dividing the whole space of the complex variables e, €,

and w of K(e,€’;w).

important since these connect with the retarded-
function, which gives the dominant contributions.

advanced pair of the single-particle Green’s

Using these analytic properties and paying careful attention to the inequalities that the

three complex variables satisfy, we can carry out t
of Eq. (2.21):

AT Z Z GaA(
mm’ {A}
1 de
- N 47_” QT%GGA(’C 6+ZQ )GB(,(I{?,
/
X [ d—etanh
o 4mi

de(k: G)F{A}(k? e+ ik, ek € +iQ,, K €

he analytic continuations of the second term

yi€m 1+ 12,)Gap (K, iem/)F{A} (k, k';iQ0,)Gpp(k,ien)Goe(K i€y + Q)

€)

)Gcc(kt/, e + i)

+TGyp (K ,e)F{A} (k,e+iQ, k, ;K e +iQ, K €)Goe (K e +i8,)

+ TGdD(k,, —€ — iQn)F{A}(k, e+ 1, k,e; k', —¢

1 [ de [t L
+ (tanh — tanh —)
2T {2
+w
— tanh
an 5T

30

! K —e —iQ,)Goe(K', —€)

© S Graam(k;w) [ 0 de Z T ay (kK5 w)gi.ceap (K5 w)

S graam(kyw) [7 e Z T ay(k, ks w)gr.ccan (K5 w)

(2.29)
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where the contours C and C' are shown in Figs. 2.9 (a) and (b), and Jyp,ga3(k, k';w) is

/
€
T ay (K, k';w) = tanh ﬁFIH;{A} (k, k' w)

+coth =< 6,_ [ oy (B Ks0) = Ty g (R, K w), (2.30)
g
Tiasgay (b, K3 w) = (tanh T“’ — tanh — >F12 oy (b, 5 ), (2.31)
Tispay (ko K5 w) = — tanh <2 + DLy (o 5 0)
—coth%[ gy (B, K5 0) = Tl (5, K5 0)] (2.32)
Tot;1ay(k, k';w) = tanh ;}Fm;{A}(kv K w), (2.33)

/
e —
\722;{A}(k»k',§w) = coth —— oT [ 22; {A}(k k' w) — ;IQI{A}(k,k’;w)}

€ +etw
T[ po.pay (B, K w) — FIQ‘Q/;{A}(k,k’;w)}
/

€ /. v /.
—tanhﬁ[ Bty (B, K3 0) — FQZ;{A}(k,k‘,w)}, (2.34)

/

+ coth

Tos(ay(k, k';w) = — tanh ; 4;; Loz a3 (kK w), (2.35)

/
Ts1:44y(k, k';w) = tanh iFél-{A}(k K w)

e+€ +w
+ Coth T |: 31: {A}(k k (A)) g’)l;{A}(k7 k/, CL)) y (236)
€ +w €
j32;{A}(k:,k:';w) = (tanh 2T — tanh ﬁ)F;;Q;{A}(k‘,k:';w), (2.37)

€ +w
Tsz;1a3 (k, k'sw) = — tanh ——— 5T Tk, 1y (K, K':w)

€ —
~ coth ¢ [ Moy (k, Ksw) — gg;{A}(k,k:’;w)] (2.38)

Note that the contributions from the poles of € = ie,,, 0, —i€),, and —ie,, — i€, to the second
term of Eq. (2.21) are given by

/ , €+ w €
—— Z foooo 4{3 ffooo Z—;i coth 57 { (tanh 5T tanh ﬁ)QQ;aABb(k; w)

X [ng;{,q}(k,/f,;w) oo a3 (ks K w)]g2;CcdD(k',§W)

€
— tanh

+w

o7 93aam(kiw) [F%;{A}(kv K'yw) = Dag oy (R, K w)}
X g3, ccdD(k'; w)

e 6 50T

X gl;CcdD(k ;w)}, (2.39)
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€+ w
—-—— Z foooo 4‘17; foooo jffm tanh {(tanh 5T — tanh ﬁ)gz aABb(k;w)

X [F21;{A}(ka k'sw)g1.ccap (K w)

— T, {A}(Iﬁ k' w)ga,cean (K'; w)}

w
— tanh " g0 (ki) [T 4y (b, K3 0)g100an (K5 )

— Dso.pay (K, k' w)g2:ccan (K w)}
+tanh o 91 jaaBy(K; w) |:F111;{A}(l€7 k' w)g1;ceap (K'sw)

— Tigpay (b, K5 w)g2,0can (K ]},
(2.40)

€+ w €
N Z fOOOO 4d7:Z f 00 éii:rz tanh +w { <ta‘nh T — tanh ﬁ)gZaABb(k; w)

[F22 {A}(k’ k' w)ga.ccap (K5 w)

— Dogpay (K, k' w)g3.cean (K w)}

€t+w
— tanh — 93:a4Bb(k; W) [F32;{A}(k, k' w)ga2.ccap (K w)

— Tha. ey (b, K 0)g3.0cap (K'; u))]

+ tanh 2T91 .aABb(k;w) [Flg {A} (k, K w)gg CcdD(k? w)

- F%:};{A}(kv k' w)gs.ceap (K W)} },
(2.41)

and

€+ w €
N Z foooo 4%; foooo Z:rz coth < +6+w { (tanh W — tanh ﬁ)QZaABb(k; w)

X [ £I2I{A}(k Kiw) — Fé\zl;{A}(k’akl%“)}ﬂ%CedD(k/?W)

—+ w
-t o7 Jasaane(kiw) [Pgl;{A}(k’ Kiw) = F§1;{A}(k7k';w)}
X g1; CcdD(k’;w)
i tanh 91 aapy(kiw) [FIIS;{A}(k’ K w) = P1113;{A}(k7 K'; W)}
X 93;0cdD(k ;w)}, (2.42)

respectively.
There are two remarks about quantities in Eq. (2.29). One is that in Eq. (2.29), I do not
explicitly write whether the integral with respect to € is the principal integral or not for brevity:
the integral is the principal integral when the coth terms in J;;,1 4} (k, k'; w) are calculated. (The
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’ k +
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Figure 2.11: Relation between the irreducible four-point VF and the three-point vector
VF. The first term of the right-hand side represents (vVky)ab-

numerical treatment of such principal integral will be explained in §3.) The other is that for
the analytic continuation with respect to ie,,/, the additional terms appears since C' does not

contain the poles of € = € and € = —e —i),,. These additional terms are canceled out with the
contributions from the integrals around the points ¢ = € and ¢ = —e — i€2,,, and the remaining
terms about the upper and the lower lines along € = € and € = —e — i€),, become the principal
integrals.

Combining Eq. (2.29) with Eq. (2.23), we find

R0 k) = —= [~ 2

473

—00

tanh — Z gl;aABb(k; W)
A,B

 de
X <5k,k'5c,A5d,B+/ ‘ Z Zjll Ay (B K5 w)gcean (K w))

477@

_|_
+ <tanh cere tanh —) Z g2 .aABb(k;w)

2T 2T
 de 3
X <5k,k/5c,A5d,B +/ > 121 Taz1ay(k, k' w) gi.0cap (K's w))

47rz

— tanh

a k:
2T gg?, ABb(k;w)

> de 3
X <5k,k’5c,A5d7B +/ > > Taipay (ks ks w)gicean (ks w))]

4mi 51 (=
(2.43)

Then, in order to write the longitudinal conductivity in a more compact form, let us intro-
duce the three-point vector VF (u = x,y), which is the current including all the corrections due
to electron correlation,

Apavr(kiq) = Apan(k + q,ien, + i, kL i€y,)

T
= (Vkp)ab + N > > Tacp(k k;q)Gpp(K)Goalk + q)(virn) aB (2.44)
k' {A}
= (Uk)ab + 1 Z S T (kK3 0)Gp(K)Goalk + @) Auan(Kiq),  (2.45)

K {A}
where we have used the relation between T'ypop(k, K, ¢) and F((l?CD(k, k', q), shown in Fig. 2.8.

The corresponding diagrammatic representation of Eq. (2.45) is shown in Fig. 2.11. It is noted
that the second term of Eq. (2.45) is called the CVC since this term represents the correction
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Figure 2.12: Contours used for the analytic continuations of the three-point vector
VF. There are three possibilities of the three-point vector VF in real frequency repre-
sentation, which is characterized by the inequalities of the Matsubara frequencies of
the outgoing and the incoming lines: i€, > 0 and i€, +iQ, > 0 in (a), i€, < 0 and
i€y + 18, > 0 in (b), and i€, < 0 and i€, + i€, < 0 in (c), respectively.

term to the current due to the four-point VF. It is also noted that by using Eqgs. (2.21) and
(2.45), we have

S 3 (ke )b (Ve ) caK abea (K, k'3 125)
kol {a}

T
= — N % {Z}(vkx)baGac(k; 1€, + iQn)Gdb(k, iem)Ax;cd(k; q =0, ’LQn) (2.46)

Before going to the analytic continuation of the three-point vector VF, I remark that the
CVC plays very important roles in discussing the transport properties. In particular, this CVC
is necessary to obtain the thermodynamically consistent results about transport. Note that the
thermodynamically consistent result means the correct result, where conservation laws satisfy.
One of the examples of the importance is the absence of the resistivity in the continuum, where
there is no Umklapp process [68]. Namely, the physically correct conductivity is obtained only
when the CVC, which is neglected in the relaxation time approximation [57], is correctly taken
into account. Such treatment also plays an important role in discussing the Drude weight: the
renormalization of the Drude weight is absent in the continuum, and the renormalization arises
from the Umklapp process [69]. Furthermore, the absence of the renormalization of the electron
cyclotron frequency in the continuum, i.e. Kohn’s theorem, results from the conservation law [70,
71].

The analytic continuation of the three-point vector VF is easily carried out by using the
three kinds of contours shown in Figs. 2.12 (a)—(c). These kinds are originated from the time
orderings of the outgoing and the incoming lines: ¢, > 0 and i€y, + €2, > 0, i, < 0 and
i€m + i€, > 0, and i€, < 0 and i€, + €2, < 0. Since the second term of Eq. (2.45) can be
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rewritten as

T
N kZ {Z} Cavep(k, k5 ¢)Gep(K)Goa(k + q)(viu) aB
(A

1 00 . . .
= >3 [f o f;l tanh 5= Fabop(kz,zem,k:’,e’;q,an)GBD(k’,e’)GCA(k’ +q,€ + i)
k" {A}

+ TFabCD(ka Y:Em, kla ’LEm, q, ZQn)GBD(k,, iﬁm)GCA(k/ + q, ’L'Gm + ZQn)

+ TPabCD(ka 1€m, klv —t€m — 85 q, iQn)GBD(k/7 —1€m — iQn)GCA(k/ +q, _iem) (Uk/u)ABa
(2.47)

the three-point vector VF in real frequency representation is

1 3. oo
Au;j;ab(k; Q) = (Uk,u)ab + N E Z z f—oo %\%l;abC’D(ka kl; q)gl;CABD(kJ; Q) ('Uku)AB (248)
k' {A}l=1

= (Vkp)ab + %{%} lz s 4%;‘7]1 abCD(k K@) gr.cap (K @) Api.a(k; q),

(2.49)

where j = 1,2,3 of Ay .ap(k;q) correspond to Figs. 2.12 (a), (b), (c), respectively. Similarly
to case of the analytic continuation of the second term of Eq. (2.21), I do not explicitly write
whether the integral with respect to € is the principal integral or not, for brevity: the integral
is the principal integral when the coth terms in J;;.¢ a3 (k, k';w) are calculated. In addition, the
reason why the additional terms appear in Eq. (2.47) is the same as the case of the analytic
continuation of the second term of Eq. (2.21): the contour, C’, does not contain the poles of
€ =iey and € = —iey, — iQ),.
Using this three-point vector VF, we have

Z Z (ka)ba(vkx)cdkéi)d(k, ki/; w)

k {a}
= T a7 Z Z(vkx)ba foo 47” [tanh ngl acdb(k w)Ax;l;Cd(k;w)
k {a}
+ (tanh C 2 — tanh ) g (s 0) Agica s )
T b 1<y
_ tanh & 2T e sacas (K w)Aw;g;Cd(kz;w)}. (2.50)

Although this expression is exact, it is difficult to solve. Thus, a simplified treatment is neces-
sary.

In order to proceed with the calculation, let us consider only the most divergent terms with
respect to the QP lifetime. In this case, the leading contributions arise from only 92;{(1}(]{7;0.))
terms since the singularity appears only when the poles of the factors of the Green’s function
coincide [10, 16]. We recall that only for the retarded-advanced pair, g,(q}(k;w), the pair of the
single-particle Green’s functions has the term such as 27226 (e —£*(k))/(—iw — 22 ImE®) (k, ¢)),
the linear term of the QP lifetime (in case of multi-orbital systems, the indices of the QP bands
are added) [10, 16], and that for the other pairs, the QP lifetime dependence is negligible within
the linear order. Although this expression is the result in the standard FL theory [10, 16], the
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similar QP lifetime dependence will be realized even in microscopic perturbation theories, in

which the single-particle Green’s function obtained is not the same as that in the standard FL
theory.

Since the leading contributions arise from only g1} (k; w) terms, we introduce the quantities,

TJO (k, k';w) and A

1o} siiab(F3w), which do not contain go, oy (ks w):

1 oo de’ 0
Ty U Hsw) = T H50) 4 5 5 5 5 25, 270 (. 30)

72 N v {2}
x gl.CABD(k";w)jlg%;Bcd(k", Kiw), (2.51)
AO (ki w) = () + PO 2f°‘; de 7O (b, K5 0)g5.048D (K3 0) (V) AB-
J

(2.52)

Note that AEL 2 w(k;w) can be regarded as irreducible with respect to retarded-advanced pairs.
By using these quantities, we obtain

%: {Z:}(Ukz’)ba (Ukz’)cdkéll?c)d(k, k:/; w)

= Zk: {Z}("Ukw)ba foooo Iri {tanh 37 YLacds (K3 w>A§70;%;cd(k; w)

€+ w

—tanh oT = 93; acdb(k w)A:S:g)cd(k w):|

1 S8 € e+w
— 5 2 A (ks w) [ 5 (tanh G2 — tanh 57 ) gaeas (k5 ) Apzicakiw).  (253)
k {a}

Note that at this form, the longitudinal conductivity is exactly calculated. Here I have used the
exchange symmetry of the four-point VF in Matsubara frequency representation, e.g. I'(1234) =
I'(3412), and the equations for jlgg){A}(k, k';w), which are the replaced versions of Egs. (2.31)
and (2.33) and Eqgs. (2.32), (2.36). To be precise, these are used to rewrite the second terms of
A:(E?i;b o and A 2,) b 10 Eq. (2.52) since the following relations are obtained by using these:

{Z} f ) 471'1 'ng; ba tanh QTgl acdb(k W)

Z Z foooo Zlfmjm chD(k k' W)QZ CABD(k W)Ax;Q;AB(k/QW)
k’

Z\H Z\H 2\

% > o i [ % {%} S e Ty s (s K5 ) 01800 A (K w) (V) DO

6+
2T

X [ tanh

/N

€
— tanh ﬁ)gZacdb(k‘; W)A:U;Q;AB(k§ w), (254)
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and

Z foooo 4(51-61 Ukac a( tanh E+ >93 acdb(k W)
{a}

Z\H 2\

)OI sl ffmjsz cicp (b, ks w)ga.capp (ks w) Apoap (K w)
k' {A}

1 € €
TN £ PIpLe ibapa (ks K5 w)g3500A(K W) (v2) D

(l

(tanh — tanh —)gg;acdb(k‘;w)Aw;g;AB(k:;w). (2.55)

Since the dominant contributions arise from the second term of Eq. (2.53), we get finally

Z Z foooo g:r x;2; ba(k 0)92 acdb(k O)Aw;Q;cd(k; 0) (_8{9(6)> . (2.56)
k {a} €

where

1 o de
Am;?;cd(k; 0) = Agg;cd(k; 0) =+ N Z Z f 00 é(lim, (g)chD(ka k,; O)QQ;CABD(k/; O)A,u;Q;AB(k; 0)7
k' {A}
(2.57)

and

iRezglj)(k), (2.58)

0
AfPhaa(k:0) = (e + g

which is one of the Ward identities [10, 72]. In deriving Eq. (2.56), I have used

2
6;}” — tanh - = 2&)(—8'];(;)> + O((%) ). (2.59)
We see from Eq. (2.56) that the longitudinal conductivity is proportional to the linear term
with respect to the QP lifetime since the retarded-advanced pair, go.capp(k’;0), gives the linear
term. Also, we see from Egs. (2.57), and (2.58) that electron correlation gives rise to both the
renormalization of the band velocity through the real part of the self-energy of electrons and
the correction to the current through the four-point VF. Namely, these are the modifications
from the result in the relaxation time approximation [57], where Ag(c % b (K3 0) and Ag;oca(k; 0)

replace by (Vs )pe and (Vgz)eq in Eq. (2.56), due to electron correlation.
To sum up, we can calculate the longitudinal conductivity by Eqgs. (2.56), (2.57), and (2.58)

tanh

if we give the form of j;g_)abcd(k:, K';0), whose derivation in the FLEX approximation will be
explained in §2.4.

2.3.2 Hall coefficient in the weak-field limit

I go on to give the general derivation of the Hall coefficient for multi-orbital systems in the
weak-field limit (i.e. w.r < 1) [57] by extending the formulation for single-orbital systems,
given by H. Kohno and K. Yamada [9]; 7 and w. are the mean free time of electrons and
the cyclotron frequency. Note that the formulation in the continuum has been given by H.
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Fukuyama et al. [73]. For simplicity, let us assume that the system has both the mirror planes
with respect to the xz- and yz-planes and the equivalence between the z- and the y-directions.
These assumptions are valid for SroRuQOy.

The outline of the derivation is as follows. In order to calculate the Hall coefficient in
the weak-field limit, we consider uniform static weak magnetic field, H, applied along the z-
direction, and derive the expression of the transverse conductivity being proportional to H on
the basis of the Kubo formula [67]. For the actual formulation, the vector potential is used
instead of H. Before carrying out the analytic continuations, we calculate g-linear terms of
the transverse conductivity, which are the coefficients of the vector potential. In particular,
we consider a simplified case, which is similar to the case of the longitudinal conductivity, on
the basis of the microscopic FL theory: only the most divergent terms with respect to the
QP lifetime are taken into account. In this treatment, we can neglect the g-linear terms due
to the four-point and the six-point VFs, which are the next-leading terms compared with the
remaining terms. After calculating the g-linear terms, we carry out the analytic continuations in
a similar way to the case of the longitudinal conductivity. Taking lim,_,limg_,o, we obtain the
transverse conductivity in the weak-field limit. In this treatment, the transverse conductivity
being proportional to H is proportional to the square term with respect to the QP lifetime, while,
as described in §2.3.1, the longitudinal conductivity without H is proportional to the linear term.
Combining the transverse conductivity formulated with the longitudinal conductivity derived
in §2.3.1, we obtain the Hall coefficient in the weak-field limit, which is independent of the QP
lifetime in the coherent limit.

Let us consider uniform static weak magnetic field, which is given by

H =V x A(r) = (0,0, H). (2.60)

In particular, the effect is taken into account within the linear response. In this treatment, it
is sufficient to consider

A(r) = A(q)e'™, (2.61)

and the corrections of H to the Hamiltonian and the current operator are

Hey = — /drj(r) - A(r)

=—J(—q)- A(q)
=- e% Zb(vk)ba : A(q)éhgbékfgm (2.62)
and
JU(q) — J(q) = —€* % zb A(q) - Vi(Vk)bathyhas (2.63)

respectively. In other words, when we consider uniform static magnetic field within the linear
response, the total Hamiltonian and the current operator become

Ho + Hine + Hexs, (2.64)
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and

Ji(—q) = eY Z(vk)baéLJr%bék_%a — 233" A(—q) - Vi(0k)bathyra, (2.65)
k ab k ab

respectively. As describe in §2.1, Hy + Hin is given by Eq. (2.3).
In the weak-field limit, the Hall coefficient, Ry, is given by

: 0;%) 1
Ry =l S (2:66)

(1)

where 0, is the longitudinal conductivity without H, and oy is the transverse conductivity
being proportional to H. Here we have used the equivalence between the z- and the y-directions,
which is one of the assumptions. Note that due to the assumptions about symmetry (i.e., two
mirror planes and the rotation axis) the Hall coefficient under the magnetic field along the
z-direction becomes scalar, although in general the Hall coefficient is a third-rank axial tensor.

Since we have derived the longitudinal conductivity without H in §2.3.1, the remaining
thing is to calculate O';Sgy) Similarly to the case of the longitudinal conductivity, let us consider a
simplified case on the basis of the microscopic FL theory: only the most divergent contributions
with respect to the QP lifetime are taken into account.

I begin with the explanation about a calculation of the g-liner terms of the transverse

conductivity since H is related to the vector potential through the equation,
H = iq x A(q)e"!™ = (0,0,iq:4,(q) — igyAz(q))e" ™. (2.67)

Note that limy_,0 is equivalent to limg_0.
From the Kubo formula [67] for the transverse conductivity within the linear response of H,
Jg([;? /H is obtained by
(1)
: - Oay(q,w) _ig-
lim —2 = lim lim =LA e T
H—0 H  w—=0q—0i¢yAy(q) —igyAx(q)

(2.68)

Note that it is known that the order of the limits in the right-hand side of Eq. (2.68) is very
important since the dynamic and uniform field (i.e. lim, 0 limg_) is necessary to obtain finite
currents; on the other hand, the static and non-uniform field (i.e. limg_,0 lim,0) does not give
rise to currents due the screening induced by the modulations of the charge distribution [57, 74].
Here,

5 Zonlew) - (a0, o) (2.69)

a=z,y w

Ozy(q,w) = 2¢3
and @ECIZL(q; w) is obtained by the analytic continuation of ®,,4(¢), which is
Tryale) = 35y / i [t a0,
ety [[ar [[are O ia )35 Al () k)

4 / ir / dr’ / dr" T T (@, 7)) (0,7 ) Fa(=a, 7). (2.70)
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Figure 2.13: Diagrammatic representation of each term of Eq. (2.71); the first, the
second, the third, and the fourth terms correspond to (a), (b), (c), and (d), respectively.

X in (a) represents momentum derivative.

In deriving Eq. (2.70), I neglect the other A-linear term originated from JH(q,7) since this
does not lead to a g-linear term, i.e. this term is g-independent. Thus, what we have to do are
to exclude the g-linear term of ®,,.(q;i€2,) and to carry out the analytic continuation of that.

Using the three-point vector VF, we can rewrite Eq. (2.70) as follows:

0 a
Mcw(k_, iem)Aasan (-, i€m, Koy iemin) Guy(Key , imn)

T . . . .
+ N Yo Y Gap(k—,tem)Appa(k—,i€m, kg, i€min) Gad (B, t€mn)
k {a}.f.9

X Aa;gf(k+, ’iﬁm, k?_, iem)G’cg(k_,_, Z.Em)Ay;dc(k_A,_, iﬁm_t,_n, k+, ’Lem)
T
+ N Z Z Gag(k-i-a 7;Em—i-n)Ax;ba(k:—a i€m, ki, iem—i—n)Gcb(k—y iem)
k {a}.fr9
X Aa;gf(kq_, i6m+n, k_ y i6m+n)Gfd(k_, iem—‘,—n)Ay;dc(k—? i6m+n, k_, Zﬁm)
T\3 . . . .
+ (N) Z Z Z GBb(kfa lem)Am;ba(kfa 1€m, kJra 'Leern)GaA(kJra ZEern)
kK K" {a},f,g {A},F,G
X Ggg(kg_, iGm”)Aa;gf(kg.y iem//, k,i, i€m//)GfF(k/i, iem//)
X GDd(k/, Z.fm’—‘,—n)Ay;alc(kily 1€/ 1 ns k/) ifm’)GcC(k/a iem’)

(1) . . AN ! - S Y7
X Ty apepra (B t€man, K, i€n; K i€ny k', t€ny n; K2 i€ny, Ky, i€mn), (2.71)

where FSI)LXBCDFG("’% t€mtn, K—, t€m; K i€ K i€ 10 K i€ny, K i€y is the irreducible six-
point VF, k4 =k £ %, and €m,4n = €m + ,. The diagrammatic representations of each term
of Eq. (2.71) is shown in Fig. 2.13.

In order to exclude the g-linear terms of Eq. (2.71), let us consider the contributions from

each term. For the pair of the single-particle Green’s functions, we have

GaA(k:—y iem)GBb(k—l-; Z.Em—l-n) = GaA(k:a iem)GBb(ky 2‘fm—&—n)
<=

+ GaA(k:,z'em)iGBb(k,ieern) , (2.72)
Wy 2 Ok,
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where
b 0G5y, iemin)  OCGan(kyicm)
. . _ . Bb\R; ¥em4n) aA\R, 1€m .
GaA(kylem)akn GBb(k:a'Lem—l-n) = GaA(ka Zem) akn akn GBb(k;ZEm—l-n)-

(2.73)

For the three-point vector VF for the y component, we have

Ay;dc<k:|:7 1€m+n, ky, 26m) = Ay;dc(k:a L€m4n, k, 'Lem) + Z %%Ay;dc(kv 1€m+n, k, ’LEm)
n=,y mn
(2.74)

For the three-point vector VF for the x component, we have
AI;AB(k—7 1€m, k—i—; iﬁm—i—n) = Ax;AB(k7 i€m, K, iEm—i—n) + AAQ:;AB(ka i€m, K, iem—&—n)? (275)

where AA;.ag(K,i€m, k, i€m4rn) is determined by

T . ‘ . .
N SN FS}BCd(k:, 1€m, Ky i€min; K i€, K i€ 1n)
k' {a}

AAZ‘;AB(k7 iema k7 iem-‘,—n) =
Kl
X Z ql [de(k,, iem’—&-n)iGca (k?,, iem’)} Az'ab(k/a ’iEm/, k/, Z-Em’-i—n)
=y 2 Ok, ’
T (1) . . L ,
+ =2 > Uupaalk iem, kiemn; K ien K i€y n)

X de(k/, i6m1+n)Gca(k/, iém/)AAz;ab(k/, T€Em/ s k/, iém/+n). (276)

In deriving Eq. (2.76) from Eq. (2.49), I neglect the g-linear term originated from the irreducible
four-point VF since this term gives the higher order contributions than the contributions from
retarded-advanced pairs [9]. For the three-point vector VF for the a component, there is no
g-linear term since the Matsubara frequencies of the outgoing and the incoming lines are the
same. Thus, we have

> Grp(k—yiem)Nagr (kg yi€m, b, i€m)Geg(kt, i€m)
f:9

= > Gk iem)Aagr(k,iem, k,iem)Geg(k, ien)
19

_ 0Gy(k,ien)

2.
Ok (2.77)

In the final line, one of the Ward identities [10, 72] has been used. Note that in Eq. (2.77), the
Matsubara frequencies of the pair of the single-particle Green’s functions are the same, while in
Eq. (2.72), those are different. Namely, the contributions of the g-linear terms arising from the
pair with the same Matsubara frequencies are negligible since these terms are proportional to the
retarded-retarded or the advanced-advanced pair. For the irreducible six-point VF's, we neglect
the g-linear term due to the same reason why the irreducible four-point VF is neglected [9], as
described above.
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Substituting Eqs. (2.72), (2.74), (2.75), and (2.77) into Eq. (2.71) and neglecting the
g-linear terms of the irreducible four-point and the irreducible six-point VF's, we have

q)acya(Q)
T 0 o
= 504 YT Z MG&A(I@ iEm)AAz'AB(ky 1€m, k7 i€m+n)GBb(ka iem-‘,—n)
N T apap Ok ’
s
T 8(Uky)ba . . qn . 0 .

+ 5a,yﬁ zk: iin TkaAz;AB(ka i€m, K, Zem—l—n) 277: 5 GaA(ka 'Lem) 8k GBb(k, Z€m+n):|
T 0Gp(k,iem . .

5 2% Ak, iem, s i) Gaa(k, i6m+n)b6(k Wm) \ s imns Ky iem)

k {a} «
T . Gad(k,i€min) OGap(k,i€m) . .

+ N % % Aac;ba(k7 i€m, k Z€m+n) ; 577 81{:,7 Ok Ay;dc(ka L€m+n, k, Zem)
T . . , OG (K, i€n,) dc(k, i€min, k,i€m)
NT A ; k m k m+n a k m-+n - l y ’ —

+ N%% ac,ba( y L€m,y Ky 1€m )G d( y L€m+ ) Ok a ; 92 akn
T 0Ga(k, i€min, ) )

+ N S AN (K iem, Ky i€man)Gap (K, i€m) d(ﬁk% + )Ay;dc(k, i€min, K, i€m)

k {a} «
T . an OG ep(k, i€m) OG 4q(k, i€min) . .

NG Appa(k,t€m, K, i€min £ul : ’ Ay.ac(k,i€myn, ki€
T . . . aGad(k7 Z‘ffm—‘,—n) dn aAy'dc(k:v 1€mtn, k, Z‘em)

T AT A ; my vy tSman c » YCm o :

I > ziba (K, i€m, K, i€min)Gep (K, i€m) O Zn: 5 ok,

W
Q
-

Z GBb(ka iem)AAaz;ba(k7 i€m, k, i€m+n)GaA(k7 Z‘em—‘,-n)
kK k" {a} {A},F,G

s
~ o

_l_
—~

8GGF( iem//) ;7 . ;7 . ;7 . /.
ak, Dd(k ) 'Lem’Jrn)Ay;dc(k y Yem/ 4ns K, Zem’)GcC(k ) ’LEm/)
(1) . . A / - R/ 7
X F3;ABCDFG(I<:, 1€man, K, i€m; K i€ K Jiempn; K iemn K i€y

=

T\3 ‘ ‘ q . 0 .
4+ (= Appa(kyiem, K, i€min 2 Gpp(k,iem)—Gan(k, i€min

0GR (K" iemn) r s s /. !
X ok Dd(k ) Zem’—l—n)Ay;dc(k » L€m/ 4n,s k', me’)GcC’(k ) Zem’)
a
) K, i€min, Ky im: K i€, Ky iy n; b ieg, K" i 2.78
X 3;ABCDFG< y Vemtn, Ry 1€m; K, 1€/, K5 1€m/ 1 n; y L€Em7 s ) ZEmH). ( . )

In addition, the ninth and tenth terms of Eq. (2.78) can be written in a simpler form by
using Eqgs. (2.49) and (2.76), the exchange symmetry of the irreducible four-point VF, used
in deriving Eq. (2.53), and the relation between the irreducible six-point and the irreducible
four-point VF's, which is

0 0 . . ‘ |
(8k T ok!, >FE411)3Dc(kylﬁm+n,k,zem;k’,zem,erk”%m,)
. . . . . . 8GGF k:I/7 2‘6 P
N Z Z 1—‘3 ABCDFG(ka,LEern,k,ZEm;k/, Zem/7k/7 Zem/+n;k//5’5€m//7k//7 Zem//) ék” o )
k" F.G 7

(2.79)
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After some straightforward calculations, the ninth and tenth terms of Eq. (2.78) become

T2 , , , ,
(%) 5 % 5 Gl iem)Alapa(ks e, ks iemin) Gaalky iemin)

kK {a} {A}
X GDd<k/7 iem’—l—n)Ay;dc(k/? 1€m/ +n) k,a Z.em’)G’cC(k/a iem’)
0 0 1 . . . .
(Bk + ahT )F;gDC(k,zeern,k,zem;k’,zem/+n,k',zem/)
—
H(5) 55 S Avsaleien ki) 2 2 [Cnh.ien) 5 Gualkuicyn)
N7 (% i) {ay 7 2 Oky

X GDd(k/a ifm’+n)Ay;dc(k,7 1€m/ tn) kla iem’)GcC(kla Z."fm’)

(82 + 32/ )F(AlJ)BD(J(kaZ'Eern,k,iem;k’,iem/+n,k;’,iem,)

T
N % ZA 5 GBb(k7 iﬁm)AAm;ba(ka 1€m, ka iem-{—n)GaA(ku iem-‘,—n)

,b
[ y; AB s W€matns k, iem) - (Uky)AB}

T
7) Z Z GBb(ka iem)AAx'ba(ka ’iEm, k:, ieern)GaA(ka i6m+n)
N/ ix {a} {4} ’

[GDd(k/, iﬁm’—&—n)Ay;dc(k/a 1€m/ 4 ns kla ifm’)GcC(k/a iem’)]

/\

* ok,
% F(l) (k . Lkoic ki ki
ABDC s Vemtn, Ry 1€m; K, 1€m/4n, 716m/)
T 5
. . an . .
AT A:z:'a k, mvka m—+n o G ka m 7Ga k7 m—+n
+N2k:a,b§,B ba(k, i€ i€ +)Xn:2[ By(k, i€ )8k,7 Ak, ie +)]
0 ) .
Tka y;AB\R; 1€myn, K, 1€m ) — (Vky ) AB
X A (k k ) — (Vky)
Ad
T2 , . 0 .
- (*> Z Z Z Am;ba(k7 Zﬁma Zﬁm—i-n) Z l [GBb(k7 Zﬁm)iGaA(ka me—‘rn)]
N7 ¥ {ay {A} 7 2 Ok
0
X Y [GDd(kla iem’+n)Ay;dc(k/7 1€m/ s k,, ifm’)GcC(kla iem’)]

(1) . o ;.
X I ppo(k, i€man, K, i€m; K i€y n, k' i€p)

:zz > {AAw;ba(k:,iem,k:,iem+n)GBb(k,iem)GaA(k:,iem+n)

N % apAB
9
+ Ax;ba(ka iEm, ZEern) Z % [GBb(k, iem)%GaA(k; i€m+n):| }
n Y
0 ) .
X 87 [Ay;AB(ka L€m+n, k, Zﬁm) - (Uk:y)AB}
T
N zk: e AA.T;DC (k,, iem’+na kla iem’)
[GDd (K, imn) Ay (K i€msn, k’,iem/)Gcc(k’,iem/)]. (2.80)
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Substituting Eq. (2.80) into Eq. (2.78), we obtain

(I)xya(Q>
. T . . 77 (ka i€m+n) 8Gcb(k? iem) : L g
N %{%}Ar;ba(ka“m,kﬂﬁmﬁ-n) ; 9 8kn Oky, Ay§dc(k’26m+nvk>26m)
T , . , 0G b (k,i€m) — an ONyac(k, i€mgn, K, i€m)
+ N % {Z@} Az;ba(k’ i€m, K, Zem—i-n)Gad(k) Zem—‘rn) Ok ; E 8kn
T . . qn G, 1€m) OGaa(k, i€min . .
-~ % {Z} Apva(kyi€m, K, i€min) ; En ba(k‘n ) d(aka + )Ay;dc(k, 1€m—tn, K, 1€m)
] A 5 ) m-+n» 9 ) m
LSS Ak e ) G ) et o) o i Ol e s )
Oky 2 ok
k {a} n n
<=
dn 0 .
+ = Z > Aupa(Kyiem, kyiemin) Y. [ b(kyiem) 57— Gad(k, i€min)
k {a} n 2 8]{?77
% 8Ay;dc( s 1€mn, k, Zem)
Ok,
E Z Z A, ba( yi€m, k, Zf’m—l—n)Ay;dc(k’a 1€m-tn, k, me)
k {a}
> l{aGad(k,ieern) OGep(k,i€m)  0Gaa(k,i€min) aGcb(k,iem)}
n=zy 2 Ok, Ok, Ok, Ok,
£ Al e ki)
N% (@
<
n . i . aAy;dc(ky L€mn, k, iem)
x nzﬂ;y { [ (ks ) - Gl zeern)} o

<=
. 0 . OAy.qc(k,i€mqn, kyien)
- [Gcb(k7ZEm)%Gad(kﬂem—Fnﬂ 81{:77 }
1 .
= 5(%:5 —Qy aac) Z Z Ay ba( Z€m7k>2€m+n)
k {a}

e
) 0 . ONy.qe (K, i€mqn, k,iem)
X {{Gcb(k,lﬁm)%G (k Z€m+n):| a]{;y
l Oy ae(E imsn, K, iem)
. . . y;de\Vy t€m4n, v, 1€m
[Gcb(ky Zem) ak Gad(ky Zem—l—n):| 8kx }
1 .
+ 5((]15 —Qy ar) Z ZA:): ba( Z€m>k725m+n)
k {a}
8Gcb(k’i6m) 8Gad(ku16m+n) 8Gcb(k’i6m) 8Gad(k§ui5m+n) . .
— A, ; .
X ( aky 8[993 8]%; 8k:y > y,dc(ky L€m+n; k, 26m>

(2.81)

Here I have used the fact that the surface integrals with respect to k, and k, are zero due to the

periodicity of the Brillouin zone. Note that the replacement which has been used in Refs. [9, 73]
is unnecessary to obtain the above equation.
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Figure 2.14: Diagrammatic representation of each term of Eq. (2.82), where the same
coefficient, (¢z0a,y —qyda,z)/2, and the minus signs in (b) and (c) are not shown explic-
itly. X represents momentum derivative. Note that the reason why two momentum
derivatives appear is to exclude the terms being both g-linear and A-linear.

Furthermore, using the equivalence between the x- and the y-directions, which is one of the
assumptions, we have

<
1 T )
(I)za :*:pa a,r) nT Ax'a 7.m>7'mn7A'c >.mna)‘m
ya(@) = 5 (@say — 0,0 )N§%[ sk fem Ky iemn) 5Nk iemons Ky icn)
Kl
x Gcb(k,iem)aTGad(k,ieern)}. (2.82)

The diagrammatic representation of each term is shown in Fig. 2.14.

I go on to explain the analytic continuation of ®,,4(¢) in Eq. (2.82).

Since momentum derivatives are irrelevant in the analytic continuation about frequency,
we can easily carry out the analytic continuation of ®,,,(¢) by the same way used in §2.3.1
[compare Eqgs. (2.46) and (2.82)]. Namely, within the linear order of w/T, the result is

1 0 de Of (e
B0 (0:) — B8 (0.0) = Jasbny — a8 5% 2~ 2019)
Rpd Rpd

4 B
% Z[ w20 (K, €, K, €) o~ y,2;dc(k,€,k,€)} {G(A)(k €)

{a} 8k

o ¢ (k, )]

(2.83)

Finally, from Eqgs. (2.68), (2.69), and (2.83), we have the transverse conductivity being
proportional to H on the basis of the microscopic FL theory:

. 0”%)7——2[00 ds( %)Z[A (k, ¢, k, )?A (k,e k,e)
oo H o0 2 Oe /g ri2bal 6 5 € Ok, Ve G
i
< Tm[ G4 (k) -G (k)] (2:84)

Note that the reason why two momentum derivatives appear is to exclude the terms being both

g-linear and A-linear. We see from Eq. (2.84) that limHﬁo(U%) /H) is proportional to the
square term with respect to the QP lifetime since the retarded-advanced pair gives the linear
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term and the momentum derivate of that leads to the additional term of the QP lifetime. As
a result, the Hall coefficient Eq. (2.66) is independent of the QP lifetime. Also, we see from
Eq. (2.84) that the difference between the result in the relaxation time approximation [57] and
the present result is to replace the band velocities by the three-point vector VFs, which is the
current including all the corrections due to electron correlation, as described in §2.3.1.
Therefore, we can calculate the Hall coefficient for multi-orbital systems in the weak-field

limit by Eqs. (2.56), (2.57), (2.58), (2.66) and (2.84) if we give the form of Jyy),.,(k, k', 0).

2.4 Irreducible four-point VF in the FLEX approximation

In this section, I give the general derivation of the four-point VF of multi-orbital systems, which
leads to the correction to the current, by the FLEX approximation. In particular, it is sufficient
to consider the four-point VF which does not contain retarded-advanced pairs only in the cases
of 22 H 22-111, and 22-1V regions, which are shown in Fig. 2.10, since what we need to calculate
is j22 abcd(k’ k',0) of Eq. (2.57). This general derivation is just the extension of that [11] in the
smgle orbital Hubbard model.

This section is organized as follows. First, I show how to determine the irreducible four-
point VF on the basis of conserving approximations [61, 62]. Before explaining the derivation of
F((Z%)C 4(k,K';0), by using the FLEX approximation, I present a simple example of the calculations
for the second-order bubble type self-energy of electrons. Then, I turn to the case of the

FLEX approximation, and calculate Fg%)cd(k:,k’ ;0) in this approximation. After the analytic

continuation in the cases of 22-II, 22-III, and 22-IV regions, we obtain finally j;g?abcd(k, K’ 0),
which determines the three-point vector VF Eq. (2.57).

On the basis of conserving approximations [61, 62], the irreducible four-point VF is deter-
mined by the functional derivative of the self-energy of electrons with respect to the single-
particle Green’s function:

0%ac(k)

1 / 1 / /
T ;)= T +q,k; K + = —.
abcd(k7 k" ) Q) abcd(k q? ) k; q? k ) (Sde(k,)

(2.85)

For the actual derivations, it is necessary to label momentum and Matsubara frequency in each
diagram correctly in order to satisfy conservation laws.

For exmaples of the calculations of F((Z%)C 4(k,K;0), let us consider the case that the self-energy
of electrons is given by the bubble type diagram in the second-order perturbation theory. In this
case, as shown in Fig. 2.15, we can easily calculate F((l%)cd(k:, k';0) from Eq. (2.85). Note that
the first and the second/third diagrams, shown in Fig. 2.15, are called the MT term [12, 13]

and the AL term [14], respectively.
(0)

Similarly, we can calculate T' ), ,(k,k’;0) in the case of the FLEX approximation whose
self-energy of electrons is give by Eq. (2.17). As a result, we have

5GBD(k ) 5VchD( )

10 (kK:q) = — Vigep(q) =222 — 4 — SaBeD\Y G p(k —
halh 40) = 5532 2 Veren0) =+ 57 5 8 S Gnh =)
—ri?,L?T(k Kq) + TR (kK q) + TS (kK q), (2.86)
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(@) MT term (b) ALT term (c) AL2 term
k'+q k'+q
q4 k:, Yo a4 :
. " . ' .
k-q k-q
k+q \ K'+q \

Akk’ L --*-
Krk-K'
k k+g-q°
Akk g RO
/\\ -q-q’
K K

Figure 2.15: Diagrammatic representations of the second-order bubble type self-energy
of electrons and the corresponding four-point VFs. Two red slashes denote the func-
tional derivative of the single-particle Green’s function in Eq. (2.85). First term and
second /third term are called the MT term and the AL term, respectively.

where
ngllt\i/IT(k k' q) = Vabea(k = ), (2.87)
T N
F((zb)chl(k Kiq) =— N > GealK + ¢ )Gpp(k+ Q')Wﬁﬁi{a}(—q/, q—4q), (2.88)

q" {4}
F()AL2I€]{3, :_Z G E—d\G Lk /WALQ P A 2.89
wbed  ( q) > > Gacl q)Gpp(k+q+q) {A}'{a}( q—4q,—q). (2.89)
N q {A} ’
Here I have introduced two quantities

- 3 _
Wik (—d5a—¢) = 3 {%} T8 45 (M®) g a (=) (NS)acorp (4 — )T prep

1 _
+ 2, Z Lo (M) 3ipia (=4 ) (N acern (4 — )¢ prep

(FSBbA + FaBbA) (chlch +T5en): (2.90)
W{%}%{a}(—q —d,~q) = WdeD;aAcC(_q -, _q/)v (2.91)
where
s/C  (S/C
(NS/C)abcd(Q) = 5a7c(5b,d + /Zb/ Paéa’b’XEL’l{’cc)l(q) (292)

and (MS/C) e d(q) is the inverse matrix of (MS/C)abcd(Q),
C

(MS/C)abcd(Q) = 5a,c(sb,d + Z Xaba’b’(Q)Fil/b/Cd- (293)
a' b’
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Figure 2.16: Diagrammatic representations of the self-energy of electrons of the FLEX
approximation and the corresponding four-point VFs. Two red slashes denote the
functional derivative of the single-particle Green’s function in Eq. (2.85). First term
and second/third term are called the MT term and the AL term, respectively. Two
double lines in (b) and (c) correspond to Wﬁt}l;{a}(fq’,q —¢') and Wﬁt}%{a}(fq -
q',—q'), respectively.

In deriving Eqgs. (2.88) and (2.89), I have used the relations
(S/C)

NXorprorg (@) /0 — dxarpcrp ()
_avca 22 E M/C ,1,,, —NS/ D! d! /, 2.94
Gra(k') {A/}( Jayarsy (@) Gra (k') ( Jorprea(d) (294
and
(s IR T /
w = —5A’,b5C’,dGD/B'(k’ —q) - 5D’,b5B’,dGA’C’(k/ +4q). (2.95)

Gra(k')

It should be noted that in contrast to the case of a single-orbital system [11], it is impossible to
write the AL terms by using the bare interaction vertices and (M5/C) -1 (q) since (N5/C)pca(q)
is not equal to (MS/C)1 (g):

S/C
Xg,béd)( ) = Zl:) (MS/C)aba’b’(q)Xa/b/Cd(Q)
a//7 /
= > Xabat' (@) (N¥C) wyealq). (2.96)
a b
I turn to the analytic continuations of F((z%)cd(k, K';0) in the cases of 22-11, 22-11I, and 22-IV

regions and to calculate jQ(S')CLbcd(k’ k';0) Eq. (2.34). Note that in contrast to the cases of the
conductivities, the analytic continuation is about the bosonic Matsubara frequency [75].
After the analytic continuations, whose details are described below, we have

0)AL1 0)AL2
‘722 abcd<k7 k/; ) j22 abcd(k k, ) + L72(2 abed (k k/ ) + j2(2 )abcd (k k/ ) (297)
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For the MT term Eq. (2.87), the procedure of the analytic continuation is simple, and the
result is

0)MT € —er 1 _
‘72(2;){&} (k. k'30) = coth [p;gl\g(k ¥:0) — DM g, 1 0)]
/
€ [pILMT ) IV;MT )
— tanh o | TR (k, K5 0) = Doy (. 5 0)|
e—¢€ €N . (R) ,
= (coth 5T + tanh ﬁ>211mVabcd(k — K. (2.98)

We have used Eq. (2.34) and the relation Fg;?g(k,k’ ;0) = Fg%}T(lﬁ,k’ ;0). Note that

Ti?t)}MT(k,k’;O) becomes V{(g)(k — k') in the region 22-1I or V{(g)(k — k') in the regions 22-
III and 22-1V since in the region 22-II, Ime — Ime’ < 0, and in the regions 22-III and 22-1V,
Ime — Ime’ > 0 (see Fig. 2.10).

For the AL1 and the AL2 terms, the procedure of the analytic continuations is slightly
complicated but straightforward. The results, whose detailed calculations are described below,

are

T, K50) = coth €€ [PIEALL (6, 50) — PN, 0
— tanh ;/T [r;gj}{;}l(k, K'30) = Tyl Ok, 0)}
= (coth 6/2;6 — tanh 261:) (;)% % {%} ffooo dw’ (tanh “’QI;E — tanh “’;}el)
x WEEL o (—a ) ImGE (K + ) ImG D (k + ¢, (2.99)
Tag 2 (k. K'30) = coth 6/;; Tk, '30) = Tyt (k. 150)|
~ tanh o [TIAL2 0 s 0) — TVAR2(k, 1 0)|
= (com v ) (1) 0 52 %, ! (amh  —gami )
x WA (—a ) ImGYR (K — )ImG Y (k + ¢), (2.100)
where

3 _
Wﬁ“}};{a}(—q') ) {%’:} Lo (MS(A))A’IB’bA(_q/)(NS(R))dCC/D/ ()% prep
1 _
t3 {;} TG arp (M) A (=) (NC®)ao0rpr (= )TE) prep

1 1
- §(F§BbA + FSBbA)§(FcSzch +Tcen)s (2.101)
W{Af{d}%{a}(_q,) = WdABLle;aAcC(_q/)' (2102)
We have used Eq. (2.34) and the relations Fgﬁéﬁl(kz, E'50) = 1“12\2/,;3%1 (k,k’;0) and F;g?{;f(kz, E';0) =
FHI;Am(k, K';0). We see from Eqs. (2.98), (2.99), and (2.100) that the AL VFs are of higher
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Figure 2.17: Contours used for the analytic continuations of the AL1 term Eq. (2.88)
n (a) 22-II region and (b) 22-III and 22-IV regions. The difference between (a) and
(b) is the relative location of W’ = —ie,, and —i€, .

order with respect to the QP damping than the MT VF since one of the two imaginary parts
of the single-particle Green’s function in the AL VFs gives the higher order contribution. It is
noted that similarly to the case of a single-orbital system [11], W&L}l‘ﬁ}(—q’ ) is real.
By using the contours shown in Fig. 2.17, we can carry out the analytic continuations of
the ALI term Eq. (2.88) in 22-II region and 22-III and 22-IV regions as follows:
IGALL ‘.
Io. {a}(k: ks q)
- Z 3 fc e " coth 2TGCA(k:' +q ey +w)Gpplk+q' iy, + W)
q {A}

XW{A}{a}(— ¢, ' q—q" i — )

——ZZGCA(k’+q iem/)Gpp(k + ¢, zem)W{A}{a}( q,0,q—4q,i,)

N (3
T
T2 2 Goalk' +qsiem +i20)Gpp(k + q'siem + i)W (-, —w'.a — ',0)
NI
1 N
N 3 [75 5 tanh S IMGEN (K + ) Cap(k + )WL (~d a = @)
q' {A}
-~ Z {Z} J72, % tanh SEGEY (K + ¢ \ImGE) (k + )W RAEL o (=d q — )
q {A
+ (Principal integrals), (2.103)

and

I11/IV;ALL
Iy, {a} (k,K'; q)

= Z D fOO do’ tonh @ +e ImG(R)(k’ )G(R) (k+q )WALl (—¢',q—q')

i 2 {A}{a}
w w € R
——;{%f‘fm 9 tanh EEGEN (K + ¢ )ImG (k + ¢)WAKL ) (=0 — @)
+ (Principal integrals), (2.104)
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Figure 2.18: Contours used for the analytic continuations of the AL2 term Eq. (2.89)
n (a) 22-IT and 22-IIT regions and (b) 22-IV region. The difference between (a) and
(b) is the relative location of w’ = i€y, and —ie,, — i€2,.

where (Principal integrals) are the contributions from w’ = i€, and 0, which are canceled out
between the different regions due to Eq. (2.34), and — represents the replacements of the three
Matsubara frequencies, i€,,, i€, and i€2,, to the real frequencies satisfying the inequalities in
each region (see Fig. 2.10).

Similarly, by using the contours shown in Fig. 2.18, we can carry out the analytic continu-
ations of the AL2 term Eq. (2.89) in 22-1T and 22-II1 regions and 22-IV region as follows:

I1/1I1;AL2
I, { } (k,K'; q)

= — N S fo % coth &:Gac(k — q'ien — w)Gpp(k + g+ ¢ iem + i + W)
q {A}
X W&Iﬁ{a}(_q - qlv _ZQn - wla _qla _w,>

T -
w2 2 Gac(k' —dien)Gpp(k +q + 4 ienm + Q)W 0y (—a — @', =i, 4, 0)
a {A}

T2 2 Gac(k = q'sien +i2)Gpp(k + q + @ ien) Wi, (—a - 4,0, -4,i)

5 2 2 [ % tanh 4 (“ImG QK — )Gk +q+ OWER (0~ )

- = Z [, % tanh @t G (1 — ) ImGE) (k + g + W (—a—d,—d)

q {4}
+ (Principal integrals), (2.105)
and
IV;AL2
I, {a} (k,K'; q)

- = Z {%ﬁ} J22 % tanh 7 (—ImGYE(K — ¢) GGk +a+ )W o (—a — d' =)
qa

- Z Z} 22, % tanh L GRUK — ¢ )ImG) (k + g + @) WA,y (—a — ¢, )
q {4

+ (Principal integrals), (2.106)
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where the contributions of (Principle integrals) to j;g,)ﬁgj (k,k';0) are canceled out between

the different regions due to Eq. (2.34). It should be noted that in the analytic continuation of
the AL2 term, we have to pay attention to the minus sign of the bosonic Matsubara frequency
in GEL‘RC)(k’ — ¢'); in contrast to the case of the plus sign, that single-particle Green’s function
becomes advanced (retarded) in the upper (lower) path.

Therefore, we can determine the three-point vector VF from Eqs. (2.97), (2.98), (2.99), and
(2.100), and can calculate the transport coefficients. Note that the three-point vector VF is real
since the imaginary unit appearing in the CVC is canceled out with that appearing in the MT
and the AL terms, i.e. Egs. (2.98), (2.99), and (2.100).
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Chapter 3

Results

In this chapter, I present the numerical results for the effective model of SroRuO4 near and
away from the IC AF QCP by using the FLEX approximation including the MT CVC. After
showing the momentum dependence of the QP damping in §3.1 and the dynamical property
of SFs in §3.2, I present the temperature dependence of the in-plane resistivity and the Hall
coefficient in the weak-field limit in §3.3 and §3.4, respectively.

Before presenting the numerical results, I explain how to choose the parameters and how to
carry out the procedure for obtaining the quantities shown below.

The numerical calculations are carried out by using the following parameters. The BZ is
divided into 64x64 meshes and 1024 Matsubara frequencies are taken for using the fast Fourier
transformation. In this case, the numerical calculations for the analyses about not only static
but also dynamic property can be safely carried out in the range of T' > 0.01 eV since the
non-interacting total bandwidth is about 4 eV. I set J' = Jy = U/6, U = U — 2Jy, and
consider the cases at U = 1.6 and 2.1 eV in 0.01 < T < 0.03 (eV). For U = 2.1 eV (U = 1.6
eV), the system is located near (away from) the IC AF QCP since the spin susceptibility
with Qrcar = (27/3,27/3), which is shown in Fig. 3.1, shows the CW like (the Pauli PM)
temperature dependence. The reasons why I choose U = 1.6 €V as the case away from the
QCP are that this value is lowest in the cases where the nesting vectors of the to, orbitals
around Qic.ar coincide, and that it is possible to analyze the effects of the corresponding SF's
of these orbitals, which are cooperatively enhanced near the QCP, on the transport properties
by comparing with the results at U = 2.1 eV. For the integration with respect to real frequency,
I approximate the upper and the lower values to ¢¢ = 0.2 eV and —e¢., and discretize this
integration with the interval being 0.0025 eV. This choice is sufficient to obtain the results
without the numerical error in the cases considered since I have checked both the energy cut-off
dependence for ¢, = 0.4, 0.6 and 0.8 eV and the interval dependence for 0.002 and 0.005 eV
and I have obtained the same results as those shown below within a few percent error.

By using these parameters, I calculate the quantities shown below as follows. The single-
particle quantities, the susceptibilities, and the effective interaction are calculated by the self-
consistent loop of the FLEX approximation Egs. (2.12)—(2.17) until the relative error of the
self-energy of electrons becomes less than 10~%. In this procedure, the chemical potential is
determined by Eq. (2.4) so as to hold n, = 4 in each iteration. After the convergence of this
self-consistent procedure, I carry out the analytic continuations of the self-energy of electrons, of
the susceptibility in a spin sector, and of the effective interaction by the Padé approximation [76]
using the lowest four Matsubara frequencies. Using these quantities, I calculate the three-point
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Figure 3.1: Temperature dependence of the static spin susceptibility at U = 1.6 and
2.1 eV in the FLEX approximation [2] for a 2D tight-binding model of SryRuQOy,
where the non-interacting F'S is the same as that obtained in the LDA [4, 5]. Q1c.aF is
(27/3,27/3), where the static spin susceptibility is most strongly enhanced at U = 2.1
eV. The data for 0.7/T is shown in order to compare the temperature dependence.

vector VF by the iterative procedure for the BS equation Eq. (2.57) including only the MT
CVC until its relative error becomes less than 104, In this calculation, the principal integral
with respect to real frequency is treated by subtracting and adding the numerator setting ¢ = e,
i.e. the term except [—1 4 exp(¢’ — €)/T]. As a result, we can eliminate the singularity of the
principal integral by the derivative with respect to real frequency as follows:

1 e
N %,: {%‘:} J72, 82 coth S ImV.50 (k= K)g2.canp (K5 0) Ao, s (3 0)
1 ’ ’ aFMT k, €, ¢
= — Z Z f€/7£€ giﬂ' Coth 62_75 Im‘/c(dRCzD(k — k/>g2§CABD(kJ; O)AM;Q;AB(k; O) " TM |
N k' {A} o -~
(3.1)

where the first term does not contain the contribution for ¢ = € and

1, . 1
Fal s ) =~ (T 4 ) 30 3 Voo — K)gacann (K5 0)Aunan (0. (32)

Here T have used ImVa(lizi(q, 0) =0.

3.1 QP damping

Here I present the momentum dependence of the QP damping near and away from the IC
AF QCP at some temperatures. Hereafter the values of momentum of the damping are not
restricted on those of the F'S.

First, to analyze the role of each Ru ¢34 orbital, I present the momentum dependence of the
damping of each orbital, v,(k) = —ImE((}Z)(k:,O), at U = 2.1 eV and T = 0.01 eV in Fig. 3.2
(a).

From this figure, there are two remarks to be drawn.
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Figure 3.2: Momentum dependence of the damping obtained in the FLEX approxi-
mation [2] for a 2D tight-binding model of SroRuOy,4, where the non-interacting F'S is
the same as that obtained in the LDA [4, 5].
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Figure 3.3: Momentum dependence of the QP damping in the FLEX approximation [2]
for a 2D tight-binding model of SroRuOy4, where the non-interacting F'S is the same
as that obtained in the LDA [4, 5]. Note that the phenomenological FL description
becomes valid when the QP damping is much smaller than temperature [10].

One is the orbital dependence: the damping of the d, orbital is much larger than that of
the d,./,. orbital. This indicates that the d;, orbital is less coherent. This difference arises from
the stronger SF of the dg, orbital [see Fig. 1.12 (c)] since the self-energy of electrons is given
by the convolution of the effective interaction, mediated by fluctuations, and the single-particle
Green’s function [see Eq. (2.17)]. As I will show in §3.3, due to this orbital dependence and
the momentum dependence of the band velocities of the ¢34, orbitals, the in-plane longitudinal
conductivity arises mainly from the d,, ., orbital, and the contribution from the d, orbital is
very small.

The other is the momentum dependence: the peaks of the dampings of the ¢, orbitals arise
from the corresponding SF's enhanced due to the nesting instability; e.g., SF's of the d, orbital
located at ¢ = (27/3,27/3) and (7,37 /2) lead to the large dampings. In particular, the reason
why the damping around k = (m,37/2) is larger than that around k = (27/3,27/3) is due to
the larger DOS since the vHs of the d,, orbital exists around k ~ (m,0). Note that in the case
of SroRuOy, the wave vector on the FS for the d,, orbital around k = (m,0) corresponds to
k = (K,0) with K < 7 [see Fig. 2.3 (a)].

The similar result is obtained at a small value of U and at higher temperature. The results
at U =1.6eV and T'=0.01 eV and at U = 2.1 eV and T = 0.03 eV are shown in Figs. 3.2 (b)
and (c), respectively.

Thus, it is deduced from the results shown in Figs. 3.2 (a)—(c) that the larger damping
of the dgy orbital compared with that of the d,./,. orbital and the very large peaks of the
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damping of the d,, orbital around k = (m,37/2) and k = (27/3,27/3) are realized in all the
cases considered in the analyses of this thesis.

Then, to discuss whether the phenomenological FL description works or not, I present the
momentum dependence of the QP damping of each orbital, v} (k) = —za(k:)ImEgz)(k:, 0), in the
three cases considered above in Figs. 3.3 (a)—(c), where the renormalization factor, z,(k), is

calculated by

v (k. w
za(k) = [1 B &,(u)

wo] N (3.3)

In order that the phenomenological FL description works, it is necessary to turn on the inter-
actions both sufficiently quickly so that the excitation is not damped and sufficiently slowly so
that the energy resolution, the inverse of the interval of turning on the interactions, is smaller
than the thermal excitation energy, which leads to the fading of the F'S. These conditions are
satisfied when the QP damping becomes smaller than temperature considered [10].

From Figs. 3.3 (a)—(c), we see two characteristic features related to the QCP. One is that
at U = 2.1 eV, the phenomenological FL. description is difficult since the QP damping is very
large not only for the d;, orbital but also for the d,,,. orbital [Fig. 3.3 (a)]. The other is that
at U = 1.6 eV, the phenomenological FL description is possible at 7' = 0.01 eV [Fig. 3.3 (b)],
although that is difficult at 7' = 0.016 eV [Fig. 3.3 (¢)]. As I will explain in §3.4, this difference
between the cases near and away from the QCP plays an important role in discussing the effect
of the MT CVC on the temperature dependence of the Hall coefficient in the weak-field limit.

These results about the QP damping suggest that the cases at U = 1.6 and 2.1 €V in
0.01 < T <0.03 (eV) are located in or very near red ellipse shown in Fig. 1.15. As described
in §1.4, that red ellipse corresponds to the region where the treatment used is applicable.

Thus, I think that the transport properties in all the cases considered in this thesis can be
analyzed by the method including only the MT CVC within the numerical accuracy.

Before going to the next section, I remark on the important difference between the phe-
nomenological FL theory and microscopic perturbation theories. Microscopic perturbation the-
ories do work even if the phenomenological FL description does not work. This difference is the
reason why I calculate the transport coefficients by using the single-particle Green’s function
obtained in the FLEX approximation, which is one of the microscopic perturbation theories, in-
stead of the standard FL type one. Note that this applicability of the microscopic perturbation
theory is valid when the perturbation expansion with respect to electron correlation has good
convergence. In other words, I assume that the convergence is good for all the cases considered
in the analyses of this thesis.

3.2 Dynamical property of SF's

Here I present the dynamical property of SFs near and away from the IC AF QCP at T = 0.01
and 0.02 eV. In the following, I show the results for the SF's and the retarded effective interactions
at Qic.ar and Qo ap = (m,27/3), and do not show the results for the other wave vectors and
for the other fluctuations since in the model of SroRuQy4, the SFs at Qrc.ar and Qic_ AF are
strongly enhanced [Figs. 1.12 (b) and (c)] [2] and these give the dominant contribution to the
effective interaction [see Eq. (2.16)]. Note that there are some symmetrically equivalent wave
vectors with these wave vectors in SroRuQOy; e.g., ¢ = (27/3, ) is equivalent to Q¢ ap-
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Figure 3.4: Real frequency dependence of the imaginary part of the retarded suscepti-
bility in a spin sector at Qrc.ar in the FLEX approximation [2] for a 2D tight-binding
model of SroRuQy4, where the non-interacting FS is the same as that obtained in the
LDA [4, 5]. As described in the beginning of §2, the d,, the d,., and the d,,, orbitals
are labeled 1, 2, and 3, respectively.

First, I present the real frequency dependence of the imaginary part of the retarded suscep-
tibilities in a spin sector at Qrc.ar at U = 2.1 eV and 7' = 0.01 and 0.02 eV in Figs. 3.4 (a)
and (b) and at U = 1.6 ¢V and T'= 0.01 and 0.02 eV in Figs. 3.4 (c) and (d).

From these figures, there are two remarks about the dynamical property of SFs.

One is about the orbital dependence: in all the cases considered, the largest and the second
largest contributions arise from the diagonal SF of the d,, orbital (i.e. data for 3333) and the
non-diagonal SF between the d, /. and the d,, orbitals (i.e. data for 1133/2233), respectively,
while the SFs of the d,./,. orbital give smaller contributions. This result indicates that the
SF's related to the d,, orbital, i.e. the diagonal and the non-diagonal SF's, play more important
roles in discussing the dynamical property of SFs than the others.

The other remark is about the characteristic properties due to quantum criticality [39]: as
temperature decreases, at U = 2.1 eV, the peak position shifts to a lower energy and the value
of the peak increases, while at U = 1.6 eV, the temperature dependence becomes very small and
the peak position is located at not low energy. The former (latter) is a characteristic property
near (away from) a QCP.

Next, the real frequency dependence of the imaginary part of the retarded susceptibilities
in a spin sector at Qfc_sp is shown in Figs. 3.5 (a) and (b).
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Figure 3.5: Real frequency dependence of the imaginary part of the retarded suscepti-
bility in a spin sector at Q{_p in the FLEX approximation [2] for a 2D tight-binding
model of SroRuQy4, where the non-interacting FS is the same as that obtained in the
LDA [4, 5]. As described in the beginning of §2, the d,., the d,., and the d, orbitals
are labeled 1, 2, and 3, respectively.
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Figure 3.6: Real frequency dependence of the imaginary part of the retarded effective
interaction at Qro.ar in the FLEX approximation [2] for a 2D tight-binding model of
SroRuQy, where the non-interacting FS is the same as that obtained in the LDA [4, 5].
As described in the beginning of §2, the d,., the d ., and the dg, orbitals are labeled
1, 2, and 3, respectively.

From these figures, we see the similar results at Qic.arp. Namely, the largest contribution
arises from SF's related to the d,, orbital, the peak position is located at lower energy at U = 2.1
eV than at U = 1.6 eV, and the value of the peak is larger at U = 2.1 eV. Note that in the case
at U = 2.1 eV, the temperature dependence of the imaginary part of the retarded susceptibilities
in a spin sector at Q(c_ap is weaker than that at Qrc-ar, although that temperature dependence
at Q| ap is similar to that at Qic.ar (not shown here).

We also find that at U = 1.6 eV, the value of the peak for the diagonal SF of the d,, orbital
at Qic_ap is larger than that at Qic.ar [Figs. 3.4 (c) and 3.5 (b)], while at U = 2.1 eV, the
value of the peak at Q- op becomes much smaller than that at Qrc.ar [Figs. 3.4 (a) and 3.5
(a)].

Thus, these results indicate that away from the QCP, the dynamical property of SFs not
only at Qrc-ar but also at Qfr s is important, while near the QCP, the latter contribution
becomes much smaller and the dynamical property of SFs only at Qic_ar is important.

Then, I turn to the real frequency dependence of the imaginary part of the retarded effective
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Figure 3.7: Real frequency dependence of the imaginary part of the retarded effective
interaction at Q¢ s in the FLEX approximation [2] for a 2D tight-binding model of
SroRuQy, where the non-interacting F'S is the same as that obtained in the LDA [4, 5].
As described in the beginning of §2, the d,., the d,., and the d,, orbitals are labeled
1, 2, and 3, respectively.

interaction in the FLEX approximation, which is part of the kernel of the MT CVC and plays
an important role in discussing the correction to the current due to electron correlation. The
results for Qic-ar and Q- p are shown in Figs. 3.6 (a)—(c) and 3.7 (a) and (b).

We see from these figures that the dependence of the imaginary part of the retarded effective
interaction on U, T, orbital degrees of freedom and wave vector are the same as those of the
retarded susceptibility in a spin sector. Namely, the diagonal and the non-diagonal components
related to the d, orbital play very important roles. In particular, near the QCP, these diagonal
and non-diagonal components only at Qic.ar are important, while away from the QCP, those
at Qrc-ar and Q¢ s are important. These results, which are similar to those of the retarded
susceptibility in a spin sector, are due to the form of the effective interaction in the FLEX
approximation: the effective interaction consists of the interaction mediated by fluctuations in
spin and charge sectors [see Eq. (2.16)].

Finally, I discuss how the dynamical property of SFs shown above affects the current of each
orbital through the MT CVC.

Before going to the detailed discussion, I explain the approximate solution of the BS equation
for the three-point vector VF Eq. (2.57). (As described in §2.3.1, the three-point vector VF
is the current including all the corrections due to electron correlation.) For simplicity, let us
consider the three-point vector VF on the FS (i.e. € = 0 eV) since that near the FS plays an
important role in determining the longitudinal and the transverse conductivities. Since SF's
are dominant in the effective model of SroRuOy4 [2] and the MT CVC in Eq. (2.98) contains
the factor ImVa(bPi()j(k —k',0 — €), the dominant corrections to the current due to the MT CVC
arise from the regions where k — k' = Qic.ar or Q¢ oy satisfies and € is small. Considering
only these dominant corrections due to the retarded effective interaction mediated by SFs, i.e.

ImVaﬁ%(k — k',0 — €’), we have the approximate solution within the linear order of the kernel
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Figure 3.8: Schematic pictures how the currents of (a) the d, orbital and (b) the
d,. orbital on the Fermi level are affected by the MT CVC. The red, the green, and
the blue arrows represent the band velocities of the d,, the d, ., and the d,, orbitals,
respectively. The red, the green, and the blue dotted lines represent the nesting vectors
of the d., the dy., and the d,, orbitals.

of the MT CVC, au(Q,w), of which the absolute value is smaller than an unity,
Az:2:00(E, 0;0) ~ A( ) wa (K, 0;0) + Z 122 2€ g QIC_AF,—E')A;?%;;,{,(’C + Qic.ar, €5 0)

o) € 0
+ Z f 00 C2l7r aab QiC-AF7 _€I)A(x;%;bb(k + QiC-AF7 6/; 0) (34)

Here I consider only the diagonal component of the three-point vector VF since that is larger
than the non-diagonal one in the effective model of SroRuQOy4. Thus, we see from Eq. (3.4) that
the current of one orbital is renormalized by the MT CVC not only for itself but also for another
orbital. In general, the renormalizations consist of the corrections to the absolute value of the
current and to the angle between the current and the z-axis. (As I will explain in §3.3 and
3.4, the former correction is important in the case of the resistivity, and the latter correction is
important in the case of the Hall coefficient in the weak-field limit.)

By using the results about the dynamical property of SFs and the above approximate solu-
tion, we can discuss how the current of each orbital is renormalized by the MT CVC.

For the d,, orbital, in the case near the QCP, the dominant contributions of the CVC
arise from ImX/}gZ))g(q,w) at ¢ = Qic-ar and Qo and IlﬂnVl(lg)3 /2233(QIC_AF,w), while away
from the QCP, the dominant contributions arise from ImV3(33)3(q, w) at ¢ = Qrcar and Qe zp-
Combining these results with the direction of the current of each orbital on the FS, we find from
Fig. 3.8 (a) that only the contribution of Imvg(?g)g(Qic_ Ap>w) leads to the bend of the current,
and the others just lead to the corrections to the absolute value of the current. It is noted that
the bend of the current due to the non-diagonal SF with the d,, orbital at Qic.ar is canceled

out with that due to the orbital non-diagonal SF with d,. orbital at Qic.ar [see Fig. 3.8 (a)].
For the d,.,,, orbital, near the QCP, the largest and the second largest contributions of

the CVC arise from ImV(13)3 /2233(QIC AF,w) and ImVI(H)1 /2222(QIC_ AF,w), while away from the

QCP, the dominant contributions arise from ImVl(l?)é /2233(QIC_AF, w), ImVl(n)1 /2222(6210_ AF, W),
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IV (Qleaps @), and ImVo (@ ap»w). Similarly to the case for the dy, orbital, we find

from Fig. 3.8 (b) that the contributions related to the d,, orbital [e.g., ImV(13)3/2233(QIC AF,W)]
leads to the bend of the current, and the others just lead to the corrections to the absolute value
of the current. Note that the bend of the current of the d,., . orbital due to the diagonal SF of
that orbital is very small since t9, the NN hopping integral due to the direct hopping process,
is very small in the model of SroRuO, (see Fig. 2.2).

Thus, we can expect that the current of the d,, orbital is bent due to the MT CVC of the
diagonal SF of that orbital at Qj_,r and the current of the d,, Jy- orbital is bent due to the
MT CVC of the non-diagonal SF between that and the d,, orbital at Qic.ar, and that the
other contributions of the MT CVC lead to corrections to the absolute values of the currents of
these to, orbitals.

3.3 In-plane resistivity

Here I present the temperature dependence of the in-plane resistivity near and away from the
IC AF QCP; hereafter, the constant factor due to e is neglected for brevity.

Before showing the numerical results, I briefly explain how the resistivity is modified by the
MT CVC. (The following explanation holds even including the AL CVCs.) The longitudinal
conductivity along the z-direction contains the factor

A;Og oo (K3 0) Ao (K 0)

= [ Mg (k)

‘A(20l2a ‘ cos @ba [‘A2 sed )‘ + A‘AQ;Cd(k) ‘] COs (‘Pcd + ASpcd )

(k) |A2~cd k)‘cos ©ed(k)

~ |AS 0 [[ASD4 ()] 4+ A[Asca(k)]] cos b (k) cos la(h) 1~ (A‘Pcd<k)) S sl R CX.)

where A‘Ag;cd(k:;O)} and Ag.q(k) represent the corrections to the absolute value and to the
angle due to the MT CVC. Here only the finite terms are considered, i.e. the vanishing terms
after the summations with respect to momentum are neglected. Similarly, the longitudinal
conductivity along the y-direction contains the factor,

Ag(/?%;ba(k; 0)Ay:2;ca(k; 0)
2
~ A (0)| [[ASDA ()] 4+ A[Asca()]] sim eh, (k) sim (k) |1 - (A%;’("’))]. (3.6)

From Egs. (3.5) and (3.6), we see that in case of the longitudinal conductivity, the dominant
effect of CVCs is the correction to the absolute value of the current, A!AQ;Cd(k:) , and that
the effect of the correction to the angle due to CVCs, Aggq(k), is very small. Thus, the
renormalization of the temperature dependence of the resistivity due to electron correlation
arises mainly from the change of the absolute value of the current. In contrast, as I will describe
in §3.4, the correction to the angle of the current due to the MT CVC at a certain wave vector
plays important roles in discussing the temperature dependence of the Hall coefficient in the
weak-field limit.

First, I present the temperature dependence of the in-plane resistivity with and without the
MT CVC at U = 2.1 and 1.6 ¢V in Fig. 3.9 in order to analyze effects of both the momentum
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Figure 3.9: Temperature dependence of the in-plane resistivity at U = 2.1 and 1.6 eV
with and without the MT CVC. As described in the text in detail, the reason for very
small but finite asymptotic value of the in-plane resistivity at T'= 0 eV in the cases
of U =2.1 and 1.6 eV with the MT CVC is due to very small but finite contributions
of the AL CVCs, which are neglected in this calculation.

dependence of the self-energy of electrons and the temperature dependence of the MT four-point
VEF.

From this figure, there are two remarks to be drawn.

One is about the effects of the self-energy of electrons: the power of the temperature de-
pendence of the in-plane resistivity changes from square at U = 1.6 €V to linear at U = 2.1
eV. Since this change occurs in both cases with and without the MT CVC, we find that this
change of the power arises from the characteristic momentum dependence of the QP damping
near the IC AF QCP. This sensitivity of the resistivity on the QP damping can be understood
that the resistivity, formulated on the basis of the microscopic FL theory, is proportional to the
QP damping [see Eq. (2.56)].

The other is about the effects of the MT CVC: the MT CVC leads to an increase of the in-
plane resistivity, although this does not affect the power of the temperature dependence. This
increase is mainly due to a decrease of the absolute value of the current since, as explained in
the beginning of this section, the correction to the absolute value due to the MT CVC is more
important in the longitudinal conductivity than that of the angle between the current and the
z-axis. As I will present in Fig. 3.11, this decrease arises mainly from SF of the d,, . orbital.

Before going to the results about the role of each Ru ¢y, orbital, I remark that the reason
why the asymptotic value of the in-plane resistivity at 7= 0 eV in the cases of U = 2.1 and
1.6 eV with the MT CVC seems to be very small but finite is that the contributions of the
AL CVCs, which are neglected in this calculation, are very small but finite. Since very small
but finite value strongly affects whether a certain value is zero or not, it is necessary to include
not only the MT CVC but also the AL CVCs to discuss the value of the resistivity at very
low temperature. However, I believe that such very small contributions do not lead to drastic
changes from the obtained results.

Next, to analyze the role of each Ru ty, orbital, I present the orbital dependence of the
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Figure 3.10: Temperature dependence of the in-plane longitudinal conductivities with
and without the MT CVC. The data for the d. /,. orbital and for the d,, orbital repre-
sent the corresponding components in the longitudinal conductivity, whose definitions
are given by Egs. (3.7) and (3.8).

Here 1
22/y- and of the d, orbitals, which are defined

in-plane longitudinal conductivity in the cases considered above in Figs. 3.10 (a)—(d).
introduce the longitudinal conductivities of the d

as
2 oo de £ (0) (p. ' S
N%a,b,c%:]_gf o0 271-A$2ba(k,0)92;acdb(k,0)Am;2;cd(k,O)( ae ), (37)
and
2 o )0 g . o 0F()
TR A L 303 0)g2acap (8 0)Asica(ks 0) (—=5 2 ). (3.8)
respectively.

We see from Figs. 3.10 (a)—(d) that the in-plane longitudinal conductivity arises mainly from
the d,, /,. orbital, and that the contribution from the d,, orbital is very small. In particular, the
d,, orbital gives the primary contribution to the longitudinal conductivity along the z-direction.
Also, from the equivalence between the z- and the y-directions, it is deduced that the primary
contribution to the longitudinal conductivity along the y-direction arises from the d,, orbital.

These results can be understood as the smaller QP damping of the d . orbital compared
with that of the d, orbital and the momentum dependence of the band velocities of the Ru
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tog orbitals along the z/y-direction. The detailed explanation is as follows. As shown in §3.1,
the QP damping of the d,, . orbital is smaller than that of the d,, orbital. In addition, the
dominant contribution to the longitudinal conductivity along the x-direction arises from the
band velocities around k, = 7/2 since the band velocities for the dispersions given by Egs.
(2.7)—(2.11) are

(’ka)u = 2t1 sin km, (3.9)
(Vkz)12 = (Vkz)21 = —4t' cos kg sin ky, (3.10)
('ka)22 = 2t2 sin /{JI, (3.11)
(Vkz )33 = 2tgsink, + 4ty sink, cosky, (3.12)
(Vkz)ap = 0 otherwise . (3.13)

Although the band velocity of the d, orbital becomes comparable with that of the d,, orbital
only around k, = 0 or 7, there are no states related to the d,, orbital around k, = /2 and
ky, = 0 or 7 near the Fermi level [see Fig. 2.3 (a)]. As aresult, the contribution of the d,, orbital
becomes smaller than that of the d,, orbital. The similar discussion holds for the longitudinal
conductivity along the y-direction. Thus, I conclude that the dominant contribution to the in-
plane longitudinal conductivity arises mainly from the d./,. orbital in the model of SroRuO4
since in general the longitudinal conductivity becomes large for the small QP damping and for
the large band velocity.

Finally, to analyze the role of each fluctuation, let us consider several special cases, where
only some components of the retarded effective interaction with respect to orbital indices ate
taken into account as the MT CVC. To be precise, I introduce three cases other than the full
MT CVC where all the components of the retarded effective interaction are included. These

three cases are named SF-MT CVC, d;,~-SF-MT CVC, and d, ,.-SF-MT CVC. Each definition
R)

is as follows. For the SF-MT CVC, only ImVa(abb(k: — k') is taken into account. As a result,
this retarded effective interaction arises mainly from SFs. Note that although the contribution
from charge fluctuation is also taken into account in principle, the contribution is negligible
compared with that from SF [2]. For the d.,-SF-MT (d,,,.-SF-MT) CVC, only ImVa(gl)a(k—k’)
for a = dyy (@ = dy.,dy) is taken into account. It should be noted that by comparing the cases
of the SF-MT CVC with the cases of the dy,~-SF-MT and the d,./,.-SF-MT CVCs, we can
analyze the effects of the non-diagonal SF between the d,./,. and the d, orbitals since the
difference between the former case and the latter cases arises from the contributions of that
non-diagonal SF.

Figure 3.11 shows the temperature dependence of the in-plane resistivity in several cases of
the MT CVCs at U = 2.1 eV.

From this figure, there are three remarks to be drawn.

First, the dominant contributions of the full MT CVC arise from SFs since the temperature
dependence in the case including the full MT CVC can be reproduced by considering only SF:
the data named MT CVC is reproducible by that named SF-MT CVC. (As I will show in §3.4,
the same result is obtained in the Hall coefficient in the weak-field limit.) This result is due to
the fact that the dominant fluctuations of the model of SroRuQOy are SFs [2].

Second, the MT CVC due to the diagonal SF of the d,.,,. orbital gives the dominant
contribution, while that due to the diagonal SF of the d,, orbital little change on the values
of the in-plane resistivity from that without the MT CVC. This result can be understood that
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Figure 3.11: Temperature dependence of the in-plane resistivity at U = 2.1 €V in
several cases of the MT CVCs; the definitions are given in the text. We see that the
data for the full MT CVC can be reproduced by the data for the MT CVC considering
only SFs. In particular, the primary contribution arises from the diagonal component
of the d,,. orbital. As described in the text in detail, the reason for very small but
finite asymptotic value of the in-plane resistivity at 7' = 0 eV in the cases with the
full MT CVC is due to very small but finite contributions of the AL CVCs, which are
neglected in this calculation.

the in-plane longitudinal conductivity arises mainly from the d,. . orbital, and the MT CVC
only of that orbital leads to considerable effects on the longitudinal conductivity by changing
the absolute value of the current.

Third, the MT CVC due to the non-diagonal SF gives small effects on the value of the
in-plane resistivity since the contributions from the diagonal SF of the d,, orbital are negligible
and the difference between the values for SF-MT CVC and for d,,.-SF-MT CVC is small.
This result can be understood that the MT CVC due to the non-diagonal SF gives rise to a
small change of the absolute value of the current. [As I will show in §3.4, this CVC gives
a considerable change of the angle for the current around k = (27/3,27/3), resulting in the
renormalization of the temperature dependence of the Hall coefficient in the weak-field limit.]

3.4 Hall coefficient in the weak-field limit

Here I present the temperature dependence of the Hall coefficient in the weak-field limit near
and away from the IC AF QCP. (As described in §3.3, the constant factor due to e is neglected
for brevity.)

Before showing the numerical results, I briefly explain how the MT CVC modifies the Hall co-
efficient in the weak-field limit. (The following explanation holds even including the AL CVCs.)
Similarly to the case of the longitudinal conductivity [Egs. (3.5) and (3.6)], the transverse
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Figure 3.12: Temperature dependence of the Hall coefficient in the weak-field limit at
U = 2.1 and 1.6 eV with and without the MT CVC.

conductivity divided by the magnetic field contains the factor

Apd
0
[Aoizoa(ki 0) 53— Ayzac(k:0)| = [[AD) ()] + A Az (B) ] [|ALL ()] + A Ak
Y
0vgc(k . Oppa (k) .
« [c0s k) cos ek 2B 1 gy 1) 2008 i 1]
Y Y

~ (AR + AlAza(®)] [[AL500)] + A Az (b

000 (k) aAgodcw))

X [cos @5)2) (k) cos SDS? (k) (

Ok, Ok,
(0)
. (0) Oy, (k) OA@pa(k)\ . (0)
+ sing, (k) + sing,, (k)| (3.14)
b ( Ok, Ok, ) d }

Here the notation of each quantity is the same as that used in §3.3, and the vanishing terms
after the summations with respect to momentum are neglected. From this equation, we see that
the transverse conductivity divided by the magnetic field is affected not only by the change of

the absolute value of the current, A|Agqp(k;0)| = [Agian(k;0)| — ’Ag?()zb(k:;O)‘, but also by the

change of the angle of the current due to CVCs, Apgp(k) = wap(k) — cpg;)(k), in part of the
k-space. (As described in §3.3, the latter change little affects the longitudinal conductivity
since the order becomes higher and that does not contain momentum derivatives.) Since the
Hall coefficient in the weak-field limit is given by Eq. (2.66), the corrections to the absolute
value of the current, appearing in the transverse conductivity, are nearly cancelled out with
that, appearing in the square of the longitudinal conductivity. Thus, the renormalization of the
temperature dependence of the Hall coefficient in the weak-field limit due to electron correlation
arises mainly from the change of the angle for the current in part of the k-space.

First, I present the temperature dependence of the Hall coefficient in the weak-filed limit
with and without the MT CVC in Fig. 3.12.
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There are three principal remarks.

First remark is about the effect of the self-energy of electrons: without the MT CVC, the
value of the Hall coefficient in the weak-field limit at U = 2.1 eV is nearly the same as that
at U = 1.6 eV, although the QP dampings are different in between. This result indicates that
the self-energy of electrons gives a small effect on the value of the Hall coefficient in the weak-
field limit. This can be understood that the Hall coefficient in the weak-field limit, which is
formulated on the basis of the microscopic FL theory, is independent of the QP damping [see
Egs. (2.56), (2.66) and (2.84)].

Second and third remarks are about the effects of the MT CVC.

Second one is that near the IC AF QCP, the MT CVC gives rise to the negative enhance-
ment of the Hall coefficient in the weak-field limit, and this enhancement persists even at low
temperature. As I will explain below by using this figure and the other figures in detail, this
enhancement arises mainly from the bend of the current of the d,.,,. orbital due to the MT
CVC of the non-diagonal SF with the d,, orbital located at Qic.ar. Actually, as I will show
in Fig. 3.14, when we consider only the MT CVC of the diagonal SF of the d,/,. or the dyy
orbital, the enhancement is very small and cannot reproduce the value obtained for the full M'T
CVC. Thus, this enhancement is due to a multi-orbital effect and cannot be understood within
single-orbital descriptions.

Third one is that away from the QCP (i.e. U = 1.6 €V), the negative enhancement of the Hall
coefficient in the weak-field limit is induced by the MT CVC, and this enhancement is strongly
suppressed at low temperatures. The former can be understood as the same mechanism as that
in the case near the QCP, and the latter can be understood that there is another considerable
contribution, whose sign is opposite compared with one contribution, from the bend of the
current of the dy, orbital at low temperature. As I will show below, the signs of the transverse
conductivities of the d,./,. and the d;, orbitals are opposite.

Next, to analyze the role of each Ru to, orbital, I present each component of the transverse
conductivity divided by the magnetic field in Figs. 3.13 (a)—(d). Each component of the Ru ty,
orbital is obtained by the same replacement used in the analyses of the in-plane resistivity: the
transverse conductivities of the d and of the d, orbitals divided by the magnetic field are
defined as

rz/yz

oo de (_9F() il )2 @
_ fz I g (-2 )mbgLQ[Ax,m(k 0) g vl 0)]m[cly ()5 G ()],
(3.15)

and

=

0f(e) 9 Kl
C L ac( O . ™ ®)
Zf (5 )avb,cz’d_g[Azzba(k 0) g Aurzaclhs )] G () 5GP b))

respectively.

From Figs. 3.13 (a)-(d), we find three characteristic properties.

One is about the sign of the transverse conductivity of each orbital divided by the magnetic
field: the signs for the d,,/,. and the d, orbitals are opposite. This arises from the details of
the band structure and the occupation number of each orbital.
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Figure 3.13: Temperature dependence of the transverse conductivities divided mag-
netic field at U = 2.1 and 1.6 eV with and without the MT CVC. The data for the
dy>/y. and the dg, orbitals represent the corresponding components in the transverse
conductivity divided magnetic field, whose definitions are given by Egs. (3.15) and
(3.16).

The others are about the magnitude of the transverse conductivity of each orbital divided
by the magnetic field without and with the MT CVC: although without the MT CVC, the ab-
solute values of the transverse conductivities of the d,/,. and the d;, orbitals are comparable,
the MT CVC gives rise to a larger suppression of the absolute value of the transverse conduc-
tivity of the d,, orbital. This difference of the effect of the MT CVC between these orbitals
can be understood that the MT CVC gives rise to a larger decrease of the magnitude of the
transverse conductivity of the d,, orbital due to the combination of a decrease of the current,
which decreases the magnitude, and a change of the angle for the current, which increases the
magnitude. As I will show in Fig. 3.14, in the case of the current of the d,, orbital, the increase
of the magnitude due to a change of the angle for the current is smaller compared with the case
of the current of the d,. . orbital.

Thus, from these three characteristic properties, we can understand the reasons why the
values of the Hall coefficients at U = 2.1 and 1.6 eV without the MT CVC are nearly zero and
why the MT CVC gives rise to the negative enhancement.

Finally, to analyze the role of each fluctuation, I present the temperature dependence of
the Hall coefficient in the weak-field limit in the same cases considered in the analysis of the
resistivity in Fig. 3.14.
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Figure 3.14: Temperature dependence of the Hall coefficient in the weak-field limit at
U = 2.1 eV in several cases of the MT CVCs; the definitions are given in the text of
§3.3. We see that the data for the full MT CVC can be reproduced by the data for
the MT CVC considering only SFs, and that the dominant contributions to the full
MT CVC arises not from the diagonal SFs of the d,.,,. or the d, orbital but from
the non-diagonal SF between these orbitals.

From this figure, we find three principal results.

First one is that similarly to the result of the in-plane resistivity, the dominant contributions
of the full MT CVC arise from SFs. The origin is the same as the case of the in-plane resistivity:
SFs are dominant fluctuations of the model of SroRuO4 [2].

Second and third principal results are qualitatively different from the result of the in-plane
resistivity.

Second one is that the diagonal SF of the d,/,. (dy) orbital gives a slightly positive
(negative) shift from that without the MT CVC. This result can be understood that the MT
CVC due to that diagonal SF leads to a decrease of the current of that orbital, resulting in a
decrease of the magnitude of the transverse conductivity of that orbital. As described above, the
signs of the transverse conductivities of the d,/,. and the d;; orbital are negative and positive,
respectively, and the MT CVC suppresses the value from that without the MT CVC. Note that
the reasons why the difference between data without the MT CVC and with the d,.-SF-MT
CVC is enhanced at lower temperature is that the contributions from the d,, orbital, whose
sign is positive, become more considerable due to the combination of decreases both of the QP
damping of the d,, orbital at lower temperature and of the transverse conductivity of the d
orbital, which is induced by the d,/,.-SF-MT CVC.

Third one is that the change of the Hall coefficient due the MT CVC arises not from the
diagonal SF of the d,. or the d;; orbital but from the non-diagonal SF in between. It should
be noted that if the non-diagonal component were not important and the diagonal component
were important, the data for d,,-SF-MT CVC or/and d -SF-MT CVC would appear near
the data for MT CVC.

These results can be understood as follows. The largest contribution of the renormalization

xz/yz

rz/yz
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of the Hall coefficient due to the MT CVC arises from the bend of the current of the d,./,.
orbital due the non-diagonal SF between that and the d,, orbital at Qic-ar. The second largest
contribution is the bend of the current of the d,, orbital due the diagonal SF of that orbital at
Qic.ap- The signs of these contributions are opposite.
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Chapter 4

Discussion

In this chapter, I compare the obtained results with previous theoretical results in §4.1 and
address their correspondences with the experimental results in §4.2. It should be noted that
pure SroRuQy is located not near the IC AF QCP but away from the IC AF QCP since the
spin susceptibility observed experimentally shows Pauli paramagnetism [27]. Thus, it is better
to compare the obtained results in the cases away from the IC AF QCP with the results for
SrQRuO4.

4.1 Comparisons with other theoretical results

First, let us compare the obtained results with the previous study [11] for a single-orbital
Hubbard model on a 2D square lattice by using the same method used in this thesis, i.e. the
FLEX approximation including the MT CVC. Note that the qualitatively same result as this
previous study has been obtained in larger meshes of the Brillouin zone [15].

The authors of this previous study [11] have found that near the AF QCP, where SF around
q = (m,7) is strongly enhanced, the in-plane resistivity shows the T-linear dependence and the
Hall coefficient in the weak-field limit shows the CW like temperature dependence. The former
and the latter arise from the characteristic momentum dependence of the QP damping and the
temperature dependence of the MT four-point VF, respectively. In addition to these principal
results, they have shown that the MT CVC leads to an increase of the in-plane resistivity as a
result of a decrease of the current, and that the asymptotic value of the in-plane resistivity at
T = 0 eV becomes finite but very small in some cases considered [11]. Note that there are the
other cases where the asymptotic value at T'= 0 eV is zero only including the MT CVC.

For the in-plane resistivity, I have obtained the similar results for the Ru ¢4 orbital Hubbard
model on a 2D square lattice. The obtained results are that the power of the temperature
dependence of the in-plane resistivity becomes linear at U = 2.1 eV (i.e. near the IC AF QCP),
that the value of the in-plane resistivity increases by the MT CVC not only at U = 2.1 eV but
also at U = 1.6 eV (i.e. away from the IC AF QCP), and that the asymptotic value of the
in-plane resistivity at 7' = 0 eV becomes finite but very small.

This similarity between the results of the in-plane resistivity is due to the facts that the
resistivity is strongly affected by the momentum dependence of the QP damping, and that
the fluctuation of the orbital that gives the dominant contribution to the in-plane longitudinal
conductivity is AF SF.
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However, there is a considerable difference of the relation between the resistivity and the
dominant fluctuation between single-orbital and multi-orbital systems. This difference is that
in multi-orbital systems, the orbital giving the dominant contribution to the structure of fluc-
tuations does not always give the dominant contribution to the longitudinal conductivity. The
reasons are that the dominant contribution to the conduction arises from the orbital having
the small QP damping, and that the QP damping becomes large for the orbital of which the
fluctuation is strongly enhanced. Thus, the power of the temperature dependence of the in-
plane resistivity just gives information about fluctuation of the orbital giving the dominant
contribution to the longitudinal conductivity.

For the Hall coefficient in the weak-field limit, I have obtained the different result. The
obtained result is that the temperature dependence of the Hall coefficient does not show the
CW behavior even near the IC AF QCP, although the magnitude of the Hall coefficient enhances
due to the MT CVC. As explained in §3.4, this result arises from two opposite-sign contributions
to the Hall coefficient from the bends of the currents of the d,./,. and the dy, orbitals due to
the MT CVC. Although the bend of the d,/,. orbital is due to a multi-orbital effect, that of
the d, orbital is similar to that in the single-orbital case [11].

This difference between the results of the temperature dependence of the Hall coefficient
can be understood that in multi-orbital systems, the signs of the transverse conductivities of
several orbitals are not always the same and there are several contributions of the MT CVC to
the renormalization of the Hall coefficient in general.

Thus, I deduce from this comparison the same properties as those of the single-orbital
case and the different properties. These same properties are the change of the power of the
temperature dependence of the in-plane resistivity near the QCP, an increase of the value of
the resistivity due to the MT CVC, and finite but very small asymptotic value of the in-plane
resistivity at T = 0 eV. The different properties from those of the single-orbital case are the
relation between the resistivity and the dominant fluctuation and the temperature dependence
of the Hall coefficient in the weak-field limit near the QCP.

I turn to the comparison with the previous study [18] about the transport properties of
SroRuQ4 within the relaxation time approximation. It should be noted that in contrast to this
previous theory [18], T do not use any ad hoc parameters about the QP damping.

As explained in §1.3, the authors of this previous theory [18] has shown that the experimental
results of the in-plane resistivity and the Hall coefficient in the weak-filed limit can be reproduced
within the relaxation time approximation for the tight-binding model of SroRuOy4 by using the
momentum independent QP damping with some ad hoc parameters.

For the in-plane resistivity, I have obtained the similar result, i.e. the 7?2 dependence at
U = 1.6 eV. The similar result will be obtained in the other cases not near the IC AF QCP
(e.g., U=18¢V).

For the Hall coefficient in the weak-filed limit, I have obtained the similar temperature
dependence in the range of 100 < 7" < 150 (K) but the smaller absolute value at U = 1.6
eV than that obtained in this previous theory [18]. This difference in the value is due to the
experimentally inconsistent occupation number of each orbital in the theory used in this thesis.

However, I think that if the Hall coefficient is calculated in the same method as that used
in this thesis by the model having the experimentally consistent occupation number of each
orbital, the difference in the value of the Hall coefficient becomes smaller. The reasons are that
the smaller absolute value of the Hall coefficient without the CVCs at U = 2.1 eV compared
with that at U = 1.6 eV arises mainly from the change of the occupation number of each orbital,
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and that the occupation number at U = 2.1 eV is nearer to the experimentally observed value
than that at U = 1.6 eV.

Thus, I conclude that the similar temperature dependence of the in-plane resistivity and
the Hall coefficient in the weak-field limit can be obtained in the more correct approximation
for the effective model of SroRuO4 without any ad hoc parameters about the QP damping.
In particular, two factors lacking in the previous phenomenological theory [18] of SroRuOy,
i.e. the momentum dependence of the self-energy of electrons and the temperature dependence
of the electron-hole four-point VF, are not so important away from the IC AF QCP at low
temperatures.

4.2 Correspondences with experimental results

First, I address the correspondence between the obtained results and the experimental re-
sults [22, 30] of pure SroRuOy.

As shown in Figs. 1.3 (a) and (b), the in-plane resistivity [22] shows the T?-dependence at
low temperatures, and the Hall coefficient [30] in the weak-field limit, which becomes zero at
T = 150 K, shows the upward shift in the range of 100 < 7" < 300 (K) as temperature decreases.

For the in-plane resistivity, the obtained results are consistent with this experimental re-
sult [22] since the T2 behavior of the in-plane resistivity has been obtained at U = 1.6 eV.

For the Hall coefficient in the weak-field limit, the temperature dependence is qualitatively
consistent with the experimental result [30], but the obtained value is inconsistent; e.g. the value
including the MT CVC at U = 1.6 eV and T = 150 K ~ 0.013 eV is not equal to zero. The
reason for this inconsistency can be understood as the experimentally inconsistent occupation
number of each orbital in the theory used in this thesis. As described in §4.1, this inconsistency
will be improved by using the model having the experimentally consistent occupation number of
each orbital since the value of the Hall coefficient will shift upward compared with that obtained
in this thesis.

Thus, I conclude that the obtained results are qualitatively consistent with the experimental
results [22, 30] of pure SryRuQOy, although there is a remaining issue about the quantitative
comparison of the value of the Hall coefficient in the weak-field limit by using the model having
the experimentally consistent occupation number.

Next, I turn to the discussions about the correspondences between the obtained results and
three unusual transport properties [22, 23, 24] of SroRuQOy.

As described in §1.4, I focus only on the in-plane transport and do not analyze the out-of-
plane transport due to the difficulties of the treatments both of the three-dimensionality and
of the incoherent conduction. Thus, the analysis about the out-of-plane resistivity is a future
problem.

The mechanism for the negative enhancement [23] of the Hall coefficient due to tiny amount
of nonmagnetic Al impurities can be qualitatively explained by the combination of the obtained
results and the knowledge about the effect of the impurity scattering in the Born approxima-
tion, although the nonmagnetic impurity scattering is not taken into account for the actual
calculations. As I will explain below in detail, that mechanism is that the dilute and weak non-
magnetic impurity scattering enhances a ratio of the QP damping of the d,, orbital to that of
the d,. /. orbital, resulting in a suppression of the positive enhancement to the Hall coefficient
due to the bend of the current of the d,, orbital. As shown in §3.4, there are two opposite-sign
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contributions to the Hall coefficient from the MT CVC, which are the bend of the current of
the d, ,, orbital due to the MT CVC of the non-diagonal SF between that and the d, orbital
at Qrc-ar and that of the d;, orbital due to the MT CVC of the diagonal SF of that orbital at
Q1o ap- If the dilute and weak impurity scattering is introduced in SroRuOy, the QP damping
of the d; orbital is more strongly enhanced compared with that of the d,. . orbital due to the
larger DOS of the d,, orbital near the Fermi level. Note that in the Born approximation [16],
the self-energy of an orbital due to the impurity scattering is proportional to the DOS of that
orbital. Since the kernel of the MT CVC contains the QP damping, this enhancement of a ratio
of the QP damping of the d, orbital to that of the d,./,. orbital leads to a larger suppression
of the contribution of the bend of the current of the dy, orbital than that of the d,,/,. orbital.
As a result, the negative enhancement of the Hall coefficient is induced by the dilute and weak
nonmagnetic impurity scattering. Since the above argument is just qualitative discussion, it is
necessary to carry out the actual calculation in the presence of the dilute and weak nonmagnetic
impurity scattering.

Similarly, the T-linear in-plane resistivity [24] in the case of small substitution of Ti** for
Ru?* can be understood by one of the obtained results, which is the T-linear dependence near
the IC AF QCP. As described in §1.2.2, SroRu;_,Ti,O4 at y = 0.025, which is located near
the IC AF QCP, shows the T-linear dependence of the in-plane resistivity [24, 40]. Since the
concentration of Ti is not so large compared with that of Ru, I think that the effect of the
Ti substitution on the total occupation number is small. Although the mechanism that small
substitution of Ti** for Ru*t leads to the system being nearer to the IC AF QCP compared
with SroRuQy, I think that the obtained results can explain the experimental fact [24] that the
power of the temperature dependence of the in-plane resistivity becomes linear near the IC AF
QCP.

Thus, the obtained results can give the qualitative explanations about the mechanisms
for two of the three unusual transport properties of SroRuQy, although the actual calculations
about the out-of-plane resistivity and the effects of nonmagnetic impurities are remaining future
problems.
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Chapter 5

Conclusions and remaining issues

In this chapter, I summarize the principal results and the conclusions and explain the remaining
issues for future study.

There are the six principal results drawn from this study. Three of them are about the
in-plane resistivity, and the others are about the Hall coefficient in the weak-field limit.

First one is about the effects of the self-energy of electrons on the in-plane resistivity: the
power of the temperature dependence of the in-plane resistivity is strongly affected by the
momentum dependent self-energy of electrons. Actually, we see from Figs. 3.9 and 3.11 that
the power at U = 1.6 eV (i.e. away from the IC AF QCP) is square, while the power becomes
linear at U = 2.1 €V (i.e. near the IC AF QCP).

Second one is about the effects of the MT CVC on the in-plane resistivity: the MT CVC
little affects the power of the temperature dependence of the in-plane resistivity, although the
value of the in-plane resistivity increases due to a decrease of the current, induced by the MT
CVC. For the model of SroRuQ,, the main contribution to the MT CVC arises from SF's, and the
contributions from the other fluctuations (e.g., orbital fluctuation) are negligible. In particular,
the MT CVC of the diagonal SF of the d orbital gives the primary effect on the in-plane
resistivity.

Third one is about the role of each Ru t3, orbital in the in-plane conduction: the longitudinal
conductivity arises mainly from the d, ., . orbital due to the smaller QP damping compared with
that of the d,, orbital and the momentum dependence of the band velocities. In particular,
the d,. (dy.) orbital gives the primary contribution to conduction along the z-direction (y-
direction). This larger contribution of the d,. . orbital compared with that of the d,, orbital
is the origin that the primary effect of the MT CVC on the in-plane resistivity arises from the
diagonal component of SF of the d, /. orbital. In addition, this result suggests that the orbital
giving the dominant contribution to the in-plane conduction is not equal to that giving the
dominant contribution to the structure of magnetic fluctuations.

Fourth one is about the effect of the self-energy of electrons on the Hall coefficient in the
weak-field limit: the self-energy of electrons gives a small effect on the value of the Hall coef-
ficient. Actually, I have found that the difference between the values without the MT CVC at
U = 2.1 and 1.6 eV is very small. This result arises from the dependence of the Hall coefficient
on the self-energy of electrons. Instead, this small difference between the values of the Hall
coefficient without the MT CVC at U = 2.1 and 1.6 eV arises from the small difference in the
occupation number of each orbital.

Fifth one is about the role of each Ru to4 orbital in the Hall coefficient in the weak-field limit:

xz/yz
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the signs of the transverse conductivities of the d,.,,. and the d, orbitals divided by H are
opposite, and the absolute value of the d, ., , . orbital without (with) the MT CVC is comparable
with (larger than) that of the d,, orbital. These opposite signs are due to the details of the
band structure and the occupation number of each orbital, and the larger suppression of the
transverse conductivity of the d,, orbital arises from a combination of a decrease of the current,
which decreases the magnitude of the transverse conductivity, and a bend of the current, which
increases the magnitude.

Sixth one is about the effects of the MT CVC on the Hall coefficient in the weak-filed limit:
the MT CVC gives rise to the negative enhancement of the Hall coefficient not only near but
also away from the IC AF QCP, although in the case away from the QCP the value reaches
that without the MT CVC at low temperatures. This negative enhancement arises from the
bend of the current of the d,. . orbital due to the MT CVC of the non-diagonal SF between
that and the d;, orbitals at Qic.ar. The suppression of the negative enhancement of the Hall
coefficient away from the QCP arises from the opposite-sign contributions of that bend and the
bend of the current of the d,, orbital due to the MT CVC of the diagonal SF of that orbital at
Qi ap- Since the former contribution, whose sign is negative, is primary near the IC AF QCP,
the MT CVC gives rise to the negative enhancement of the Hall coefficient. On the other hand,
in the case away from the IC AF QCP, since the latter contribution becomes nearly the same
as the former contribution at low temperatures, these enhancements of the Hall coefficient are
cancelled out at low temperatures.

From these principal results, we can deduce the following conclusions.

One is that the in-plane resistivity of Ru oxides is determined almost by the d,., . orbital
since the QP damping of that orbital will remain smaller than that of the d,, orbital. In
particular, near the IC AF QCP, the characteristic momentum dependence of the QP damping
of the d, ./, orbital leads to the T-linear in-plane resistivity. As described in §4.2, I think that
this result can explain the mechanism for the T-linear in-plane resistivity [24] in SroRug—y Ti, Oy
at y = 0.025.

The other conclusion is that even near the IC AF QCP, the Hall coefficient of the model of
SroRuQy4 does not show the CW-like temperature dependence, which is obtained in the single-
orbital case [11]. This arises from two opposite-sign contributions of the bends of the currents
of the d,./,. and of the d;, orbitals due to the MT CVC. However, as explained in §4.2, the
situation will be changed in the presence of dilute nonmagnetic impurities. In this case, an
additional QP damping due to the nonmagnetic impurity scattering will lead to a negative
enhancement of the Hall coefficient from the value in the absence of impurities as a result of
an increase of a ratio of the QP damping of the d, orbital to that of the d,./,. orbital. I
think that this is the origin of the negative enhancement [23] of the Hall coefficient due to tiny
amount of nonmagnetic Al impurities.

I believe that the obtained results lead to a deeper understanding of the transport properties
of Ru oxides since the basis of the electronic structure of other Ru oxides is similar to that of
SrQRuO4.

Also, I believe that the similar mechanism is realized in other multi-orbital SCES where
several sheets of the FS’s are located near each other and the dimensionalities of the orbital
characters are different. The reasons are as follows. If several sheets of the F'S’s are located near
each other, there are several nesting vectors, which are nearly the same. In the case of SroRuQy,
three sheets of the FS’s are located near each other around k = (27/3,27/3). In addition, if
electron correlation becomes strong or moderately strong, these nesting vectors will coincide
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due to the deformation of the FS. In particular, when the system is located near a QCP, the
orbital cooperative fluctuation is most strongly enhanced and the temperature dependence of
that is strong and leads to the CW like temperature dependence. Correspondingly, the effective
interaction, mediated by this orbital cooperative fluctuation, shows the similar enhancement and
strong temperature dependence. Furthermore, if there are some orbitals, whose dimensionalities
are different in between, the current of one orbital can be bent through the MT CVC due to the
non-diagonal fluctuations with another orbital. Finally, this bend of the current leads to the
drastic renormalization of the temperature dependence of the Hall coefficient in the weak-filed
limit.

Finally, I explain six remaining issues for future study.

First one is about the actual calculations including the AL CVCs, which are neglected. The
actual calculations including the AL CVCs are necessary to carry out since I have obtained very
small but finite asymptotic value of the in-plane resistivity at 7' = 0 eV. It should be noted that
as described in §3.3, there will be no drastic changes from the results obtained in this thesis
even including the AL CVCs since it is known for the single-orbital Hubbard model on a 2D
square lattice that the AL CVCs are very small near the AF QCP and the similar result will
hold even in multi-orbital cases.

In addition, in the vicinity of a SC QCP, it is necessary to analyze the roles of the AL CVCs
in multi-orbital systems since these roles have not been clarified yet. Note that the roles in a
single-orbital system have been clarified and the importance of the AL CVCs near a SC QCP
has been shown [14]. I believe that the analysis about the roles of the AL CVC in multi-orbital
systems leads to a understanding of the origin of the unusual behavior in the Nernst coefficient
of CeColns [77] near a SC QCP since this compound is categorized into one of the multi-orbital
SCES and has several sheets of the FS’s being located near each other.

Second one is about the out-of-plane resistivity. As described in §1.4, the out-of-plane
resistivity is not analyzed due to the difficulties of the treatments of the three-dimensionality
and the incoherent conduction. Since it has been pointed out the importance of the role of the
large QP damping due the vHs in cuprates [58], it is highly desirable to analyze the out-of-plane
resistivity of SraRuOy4 on the basis of the microscopic theory including the three-dimensionality
and the momentum dependence of the QP damping.

Third one is about the dependence of the Hall coefficient on the occupation number of each
orbital or on the total filling. Even for the same total filling as that of SroRuQy, the temperature
dependence of the Hall coefficient will change in cases where the occupation number of each
orbital is different from that considered in this thesis. Thus, it is necessary to investigate the
effects of the change of the occupation number of each orbital in discussing the Hall coefficient in
the weak-field limit. In addition, the analysis about the dependence of the occupation number
of each orbital is needed for the quantitative comparison of the value of the Hall coefficient
with the experimental result [30], as described in §4.1. Furthermore, the analysis about this
dependence including the effects of the RuOg distortions (e.g. rotation) is highly desirable to
clarify the origins of the unusual transport properties [23, 59] of Cag_,Sr, RuO4 around = = 0.5,
where the occupation number of each orbital is changed by the rotation [48, 78] from that of
SroRuQy4. Then, since the change of the total filling gives a drastic change of the temperature
dependence of the Hall coefficient, the analysis about the effects of the change of the total filling
is needed. I believe that this analysis will lead to a deep understanding about the transport
properties of other SCESs (e.g. CeColns [77] in the case near the AF QCP).

Fourth one is about the difference between the present case, where SF is primary, and
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another case, where another fluctuation becomes primary. For example, if orbital fluctuation
becomes dominant, we will obtain different transport properties from those obtained in this
thesis. In that case, there will be other contributions of the bend of the current. Since there
are some candidates where not SF but orbital fluctuation is dominant (e.g. PrlrZnyg [79]), the
analysis about this issue is highly desirable.

Fifth one is about the effects of dilute nonmagnetic impurities on the transport properties of
multi-orbital SCES. Although I have given the qualitative explanations about the mechanisms
for the unusual transport properties induced by nonmagnetic impurities in §4.2, it is necessary to
carry out the actual calculations in the presence of dilute nonmagnetic impurities. In addition,
from a theoretical point of view, the effects of dilute nonmagnetic impurities on the transport
properties of multi-orbital SCESs have not been clarified yet. Thus, I believe that the analysis
about the effects of dilute nonmagnetic impurities leads to not only a understanding of the
origin of the unusual transport properties [23, 24] of SraRuOy4 but also a deep understanding of
the roles of dilute nonmagnetic impurities in the transport properties of multi-orbital SCESs.

Sixth one is about the roles of local correlation in the transport properties of SCESs: how
are the obtained results modified in case that local correlation also becomes strong. This issue
is important from a theoretical point of view since both spatial and local correlations play
important roles in discussing the electronic structures of SCESs [39, 52]. In addition, it is
highly desirable to clarify the effects of local fluctuation for a spin-chiral degree of freedom on
the transport properties since there is a previous theoretical study based on the cellular DMFT,
showing the importance of this fluctuation at low energy in discussing the electronic structure
for the single-orbital Hubbard model on a Kagome lattice [80]. In order to analyze these, it
is necessary to use another theory where conservation laws satisfy and both spatial and local
correlations are taken into account.
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