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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

Key Word :

computational condensed matter physics, theoretical condensed matter physics, new numerical
methods, quantum many body system, transition metal oxides, nano materials science, biomaterials
science, oxide hetero junction, surface - interface electronic structure, spintronics, materials design,
strongly correlated electronic systems,

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. Oxide heterostructures, mainly based on transition metal oxides,
are one of our recent focused projects to theoretically propose a new functionality for strongly
correlated electronic devises. We are also devoted to develop new numerical methods for quantum
many-body systems in general.

In this fiscal year, we have also 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 repulsion 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.

1. A variational Monte Carlo study for the ground state phase diagram of Sr2lrOs and
spin-orbit-induced metal insulator transition (Researchers: Watanabe, Shirakawa, and Yunoki)

An effective three-band Hubbard model is derived to describe Sr2lrO4 in a layered Perovskite
structure and the ground state phase diagram is established using variational Monte Carlo
simulations. A variational wave function used in this study consists of a single Slater determinant part,
which includes spin-orbit interaction, orbital dependent Gutzwiller factors, and long ranged charge
Jastrow factors. The variationl parameters are as many as several dozens, and they are optimized
using the newly developed stochastic optimization method to minimize the total energy. Taking the
optimized wave function, we have calculated various physical quantities including spin, orbital, and
charge structure factors and magnetization to understand the electronic structure. We found that the
obtained results are in good agreement with the experimental observations.
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Fig. 1: The ground state phase diagram for an effective three orbital
Hubbard model for Sr2lrO4 as functions of the spin-orbit interaction
At and the local Coulomb interaction U/t.

First, we have established the ground state phase diagram for the effective three band Hubbard model
as functions of spin-orbit interaction A/t and local Coulomb interaction U/t, as shown in figure 1. We
found that with an appreciable value of the local Coulomb interaction, the spin-orbit interaction can
induce a new type of Mott insulator (spin-orbit-induced Mott insulator), where Mott insulator-metal
transition occurs at the smaller critical value of U when the spin-orbit interaction is strong. We also
found that the magnetic moment originated from orbital angular momentum is 5-6 times larger than
the one originated from spin moment, which is strikingly contrast to what happens in 3d transition
metal oxides. These results are consistent with the experimental observations, indicating that our
model calculations are reliable even quantitatively to understand the physics of Sr2lrOa.

Our numerical results obtained so far indicate that a variational Monte Carlo study is promising to
reveal a new aspect of physics in 5d electronic systems, especially the ones induced by a strong
spin-orbit interaction.

2. Avariational cluster approximation study for low-lying single-particle excitations and an effective
angular momentum J=1/2 Mott insulator (Researchers: Sirakawa, Watanabe, and Yunoki)

Very recently, resonant X-ray scattering experiments for Srz2lrOs have revealed that the low-lying
single particle excitations in the upper Hubbard band consist of a electronic states of dy:d)zd»=1:1:1,
which strongly indicates that the electron-unoccupied states of the lowest single-particle excited states
are described by an effective angular momentum J#=5-£L=1/2. To understand the nature of the
spin-orbit induced Mott insulator, beyond the framework of single-particle description, we have
employed a variational cluster approximation and calculated the single-particle excitation spectra. The
obtained results are shown in figure 2 for the Mott insulating phase. From the left panel of the figure,
we can see that there exists a gap for the low-energy excitations at around the Fermi energy (»=0),
indicating that the system is indeed insulating. The single-particle excitation spectra projected onto
Jfit=1/2 is shown in the right panel of the figure. Comparing the both figures, it is clearly observed that
while the lower Hubbard band consists of a mixture of J#=1/2 and J#=3/2 states, the upper Hubbard
band is mostly originated from Js=1/2 states. This is the direct numerical evidence that indeed a
Jeti=1/2 Mott insulator appears in Sr2lrOa.
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Fig. 2: (left) the single-particle excitation spectra for an effective three band Hubbard model and
(right) the single-particle excitation spectra projected onto J#=1/2 states. These calculations are
done using a variational cluster approximation. The vertical axis is the excitation energy and the
horizontal axis is the momentum. The Fermi energy corresponds to =0. I', M, and X indicate
(0,0), (n/2,%/2), and (r,0), respectively.

3. Anomalous enhancement of spin Hall conductivity in superconductor/normal metal junction
(Researchers: Hikino and Yunoki )

bias

Fig. 3: Schematic configuration of a superconductor/normal metal (SN) junction proposed to
induce a large spin Hall effect. Wias is an applied dc voltage at the opposite edges of the N. Vis a
voltage applied between S and N. An insulating barrier (1) is introduced between S and N.

We have proposed a spin Hall device to induce a large spin Hall effect in a superconductor/normal
metal (SN) junction (figure. 3). The side jump and skew scattering mechanisms have been both taken
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into account to calculate the extrinsic spin Hall conductivity in the normal metal. We have found that
both contributions are anomalously enhanced when the voltage between the superconductor and the
normal metal approaches to the superconducting gap. This enhancement was attributed to the
resonant increase of the density of states in the normal metal at the Fermi level. Our results have
clearly demonstrated a novel way to control and amplify the spin Hall conductivity by applying an
external dc electric field, suggesting that a SN junction has a potential application for a spintronic
device with a large spin Hall effect.

4. a® ferromagnetic surface in HfO2 (Researchers: Zhang and Yunoki)

Using first-principles simulations based on density functional theory, we have demonstrated that
surfaces of simple oxides can be ferromagnetic without involving magnetic transition metal ions, thus
called a® ferromagnetic surface. We have taken cubic HfO2 as an example to show that the surface
electronic states depend critically on the surface termination and only O rich non-stoichiometric
surfaces are ferromagnetic (figure 4). Systematic studies of various surfaces with different surface
indexes and terminations have indicated that the O surface electronic states are spin polarized due to
the large O 2p spin exchange energy (figure 4). We have argued that the mechanism proposed here is
rather general and can be applied to other simple oxides such as SrO.
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Fig. 4. Density of states (DOS) (states/eV cell) for O-rich nonstoichiometric surface (cubic
HfO2 with (111) surface terminated with O atoms). (a) Total DOS for spin up and spin down
electrons. (b) O 2sand 2p partial DOS for spin up and spin down electrons. (c) Hf 54, 6s, and
6,0 partial DOS for spin up and spin down electrons. Fermi level is denoted by vertical
dashed lines.

5. A Haldane-Anderson impurity model study for the spin- and charge-states of iron in heme proteins
(Researchers: Badaut, Shirakawa, and Yunoki)
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To understand the spin and charge properties of iron(l1) hemo-proteins like myoglobin, we have
formulated a Haldane-Anderson impurity model within the closed-shell DFT-hybrid-GGA
approximation. We have employed a mean-field approximation to solve a simple model of myoglobin
active site, the iron porphyin-imidazol complex FeP(Im), which was found to reproduce some of the
known spin-charge states of myoglobin. We have also computed the spin-charge phase diagram of iron
in FeP(Im) with and without Oz attached to the central iron (figure 5), and found that the spin-charge
states for FeP(Im) is much more sensitive to the local correlations than that for FeP(Im)(O2).
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Fig. 5: Spin-charge phase diagram of iron in FeP(Im) (in black) and FeP(Im)(O2) (in grey).
The lines indicate the boundaries of each phase, whose nature is indicated in the
delimited area. U (direct) and J (exchange) are local Coulomb interactions.

6. New family of three-dimensional topological insulators with antiperovskite structure (Researcher:

Yunoki)

Up to now, all known topological insulators found experimentally and theoretically are related to two
families with distinct crystal structures, i.e., one being a cubic non-centrosymmetric zinc-blende HgTe
type and the other being a hexagonal centrosymmetric Bi2Ses type. In this study, we have proposed a
new family of materials for topological insulators in the antiperovskite structure. Through
first-principles calculations, we have shown evidences that under a proper uniaxial strain, cubic
ternary centrosymmetric antiperovskite compounds (MsN)Bi (M = Ca, Sr, and Ba) are
three-dimensional (3D) topological insulators (figure 6). We have also discussed other related materials
of the same antiperovskite structure, which are good candidates for 3D topological insulators. This
proposed family of materials is chemically inert and the lattice structure is well matched to important
semiconductors, which provides a rich platform to easily integrate with electronic devices
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Fig. 6: Electronic band structures for (001) surface of (CasN)Bi with spin-orbit
interaction. Left: no strain applied. Right: 7% stretching strain applied in ab-plane
while keeping the clattice constant fixed. The shaded regions indicate bulk energy
bands. It is clear from these figures that the number of bands crossing Fermi level is odd
for stretched (CasN)BI, indicating that the system is a 3D topological insulator.
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