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Key Sentence:
1. Numerical simulations for electronic structures of solid state materials
2. Ground state and low-lying excitations of quantum many-body systems

3. Development of new numerical methods
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Outline

Our aim is to theoretically understand various novel quantum phases and phenomena in a wide
range of materials by microscopically studying electronic structures. Our main interests include
strongly interacting electronic systems such as different kinds of transition metal oxides (cuprates,
manganites, etc.) and low-dimensional organic compounds, where novel ground states, low-lying
collective quantum excitations, and quantum transport properties are studied using various
state-of-the-art numerical methods.

In this fiscal year, we have focused on a theoretical study of the electronic states of 5d transition
metal oxides. Physical properties of 5d transition metal oxides are determined by the behavior of 5d
electrons in the 5d transition elements. The electronic wave function of 5d atomic orbital in 5d
transition metal is rather extended compared to those in 3d and 4d transition metals. Thereby, the
Coulomb interaction between electrons and the electronic kinetic energy are in a similar order in
energy. At the same time, because of the wider extension of wave function, 5d electrons are affected by
larger crystalline field effect due to the surrounding oxygen. Moreover, 5d transition elements have a
large relativistic spin-orbit interaction, which is as large as 0.5-1.0 eV, even larger than f electron
systems. Therefore, in 5d transition metal oxides, all the relevant energy scales are approximately the
same, which induces a variety of unique features. Our main purpose of this project is to theoretically
understand those properties of 5d transition metal oxides, and to reveal the fundamental principles of
5d electron systems.

We are also devoted to develop new numerical methods for quantum many-body systems in general.
In this fiscal year, we have introduced a block Lanczos recursive technique, which constructs
quasi-one-dimensional (Q1D) models, suitable for DMRG calculations, from single- as well as
multiple-impurity Anderson models in any spatial dimensions. Besides, we have also developed an

inhomogeneous dynamical mean-field theory (IDMFT) which can treat the inhomogeneous state such



as incommensurate orders and impurity problems in two- or three-dimensional system.

Followings are details of our research achievements in this fiscal year.

1. A dynamical mean-field theory and continuous-time quantum Monte Carlo method study for a 5d
electron system in finite temperature (Researchers: Sato, Shirakawa, Yunoki)

Recently, 5d transition metal iridium oxides have attracted much interest due to their novel
characters. Especially, the state with effective total angular momentum jef=-1+s, which is induced by a
large spin-orbit interaction, is expected to be a novel playground of multiorbital strongly-correlated
electron system. To clarify the detailed property of jefr state, we have studied the three-orbital Hubbard
model with a spin-orbit interaction using the dynamical mean-field theory and continuous-time
quantum Monte Carlo method (DMFT+CTQMC). In the quantum Monte Carlo method, there is
inherently a “sign problem” which hinders the accuracy of the calculation and it is one of the most
severe problems in this method. We have succeeded in reducing the sign problem with the improved
method and made it possible to calculate in low-temperature and strongly correlated region with
Hund’s coupling and pair hopping terms.

First, we have confirmed that the sign problem is greatly reduced by using the jetf basis and the
calculation method is successfully improved. Next, we have systematically studied the role of the
Coulomb interaction U and spin-orbit interaction A. It is shown that the jef=1/2 antiferromagnetic
insulator is stabilized for large A, while the excitonic insulator originated from the electron-hole pair in
jet=1/2 and 3/2 bands is stabilized for small A and large U (Fig. 1). The reason why such
unconventional states appear is that the Coulomb interaction and spin-orbit interaction have the same
order of magnitude and thus the spin and orbital degrees of freedom are entangled with each other.
Our results will contribute the deeper understanding of the multiorbital system with a large spin-orbit

interaction.
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Fig 1: Ground state phase diagram for three-orbital Hubbard model. (MO)AFI, EXI,



0OOI stand for (multi-orbital) antiferromagnetic insulating, excitonic insulating, and

orbital-ordered insulating phases, respectively.

2. Development of impurity solver using density-matrix renormalization group method and its
applications (Researchers: Shirakawa, Yunoki)

While the density-matrix renormalization group method (DMRG) is a powerful tool to study
quasi-one-dimensional systems, the application of DMRG encounters difficulties in calculating the
systems in higher dimensions. We have developed a technique to construct a suitable
quasi-one-dimensional form of a general Anderson impurity model based on the block-Lanczos basis
transformation, namely, BL-DMRG method. This method allows us to calculate not only multi-orbital
impurity models but also the spatially dependent quantities, such as spin-spin correlation function
between the impurity site and the conduction site, in any spatial dimensions.

We have applied this method to the impurity problems on graphene. These models include (i) a
single adatom on graphene (adatom model), (ii) a substitutional impurity in graphene (substitutional
impuriy model), and (iii) an effective model for a single carbon vacancy in graphene (vacancy model).
Our analysis of the local dynamical magnetic susceptibility and the local density of states at the
impurity site reveals that, the ground state of adatom model behaves as an isolated magnetic impurity
with no Kondo screening, while the ground state of the other two models forms a spin-singlet state
where the impurity moment is screened by the conduction electrons. Furthermore, we have also
studied the spin-spin correlation function between the impurity site and the conduction sites for these
models. Our results clearly show that, the spin-spin correlation function decay as r3 for model (i) and
r4 for models (ii) and (iii).

The BL-DMRG method has potential as a promising impurity solver of the dynamical mean-field
theory for realistic electronic structure calculations of strongly correlated materials. Research along

this line is now in progress.
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FIG. 2: (a), (b) BL-DMRG method. A quasi-one-dimensional model can be obtained by
using the block-Lanczos transformation starting from an impurity site rimp and a
conduction site r as initial bases. (c) Distance dependence of spin correlation between

the conduction electrons and the magnetic impurity absorbed on the graphene.

3. Analysis of incommensurate spin-density wave by inhomogeneous dynamical mean-field theory
(Researcher: Peters)

Hubbard model has been widely used as a model for strongly correlated electron systems and
succeeded in explaining various quantum phenomena such as a Mott insulator, antiferromagnetic (AF)
ordering, and superconductivity. However, an incommensurate spin-density wave (SDW) is difficult to
describe and it is one of the important issues in this field. We have developed an inhomogeneous
dynamical mean-field theory IDMFT), which is an extension of usual DMFT, and applied it to a
Hubbard model in a two-dimensional square lattice. Figure 3(a) shows the ground state phase diagram
in U/t (Coulomb interaction) — n (electron density) plane. We have found that a homogeneous AF phase
is limited to a narrow region near n=1 and a vertical SDW phase is widely stabilized especially for
large U/t (in the shaded region, the vertical and diagonal SDW compete with each other and difficult to
calculate). We have also calculated the momentum-resolved spectral function in vertical SDW phase
and obtained a dynamical spectral shape, which cannot be described by the static mean-field
approximations, due to the effect of local fluctuations (Fig. 3(b)). Our method can be widely used for
other incommensurate orders and will be expected to contribute the development of the theory of

strongly correlated electron systems.
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Fig. 3: (a) Ground state phase diagram of a Hubbard model in a two-dimensional square lattice. (b)

Spectral function for U/t=8, n=0.95.
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