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Key Sentence :

1. Numerical simulations for electronic structure 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 main 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.

1. Quantum simulations on interface electronic structure in oxide heterojunctions (Researcher: Seiji

Yunoki)

Owning to recent technological progress in fabricating oxide thin films, one can now fabricate various
kinds of oxide heterostructures (OHS) with atomic scale control. Specially, different transition metal
oxides in perovskite form have been used for OHS, and their intriguing properties have begun to be
reported. Transition metal oxides, in general, exhibit a wide range of phases including insulating,
metallic, magnetic, and superconducting states, with completely different physical properties.
Moreover, these phases can be turned by a small amount of change of system’s parameters such as
carrier concentrations and external fields. One of the main aims for research of OHS is to seek a
possibility to develop a new class of strongly correlated electronic devices with new functionalities,
which go beyond the current semiconductor-based devices.

Using various kinds of numerical simulations, we have been studying electronic structures and
quantum transport phenomena in the interfaces and surfaces of transition metal OHS. In this
academic year, we have proposed (1) new mechanisms for exchange bias (EB) in G-type
antiferromagnetic (AFM)/ferromagnetic (FM) heterojunction, and (2) three different possible electronic
states appearing at the interface of two different AFM insulators LaMnOs/SrMnOs. Below only item (1)
shall be explained.

The EB effect, characterized by a shift of the magnetic hysteresis loops away from the center of
symmetry at a zero magnetic field, has been widely reported to exist in magnetic systems where there
is an interface between AFM and FM (or ferrimagnetic) materials. Several mechanisms for EB have
already been proposed, which are all based essentially on the presence of uncompensated magnetic
moment at the AFM interface.

Recently, the EB effect has been observed in the perovskite-based transition metal OHS where a
G-type AFM is used such as BiFeOs and SrMnOs with completely compensated interface magnetic
moment. Therefore, the observed EB cannot be explained by the already existing theory, and thus
requires a new mechanism. In this study, based on the fact that there exist intrinsic oxygen distortions
in the perovskite-based heterostructires, we have proposed two mechanisms of EB driven by (i)
Dzyaloshinskii-Moriya interaction and (ii) ferroelectric polarization. The coupling between staggered
G-type magnetic moment and (i) D vectors or (ii) lattice distortions induces an effective uniform field at
the interface (see in fig.1 and fig.2), which naturally causes the EB. We have confirmed this new idea
by numerical model simulations and first principle band structure calculations.
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G-AFM

Fig.1. Interface between ferromagnetic (FM) and G-type
antiferromagnetic (G-AFM) perovskites, including oxygen octahedral
tilting. The staggered directions of the D vectors at the interface are
marked as in- and out-arrows, while the uniform hp vectors are shown
near the oxygens.

Fig.2. Ferroelectronic polarization (P)
driven asymmetric bond angles and
modulated spin exchange interactions (JL
and Js) at the interface, which induces an
effective uniform field (hy).

2. Crossover from dilute-Kondo system to heavy-fermion system (Researcher: Watanabe Hiroshi)
Heavy-fermion systems containing rare-earth or actinide atoms show various interesting phenomena
such as superconductivity, magnetic ordering, valence fluctuation, and their properties have been
intensively studied. In this class of systems, strongly localized f electrons hybridize with conduction (c)
electrons, and participate in a formation of quasiparticles with large effective mass. When the
f-electron density, ny; is diluted by substitution, the system becomes dilute-Kondo system in a small nr
limit, where the single-impurity Kondo effect is observed. In recent years, the dilute-Kondo system has
attracted much attention in applied physics such as a quantum dot. However, the crossover from
dilute-Kondo system to heavy-fermion system by changing nris quite different for each material, and



the details have not been clarified. We have studied this problem using a Kondo lattice model with
randomly doped f electrons using variational Monte Carlo simulations. We have found that when the
c-electron density, n., becomes comparable to 15 the correlations between f electrons is enhanced (see in
Fig.3) and the crossover from dilute-Kondo system to heavy-fermion system occurs. This is because the
screening of f-electron spins changes from “individual” to “collective” characteristic across the crossover,
which is closely related to the large effective mass in heavy-fermion system.
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Fig.3. Spin correlations between c-f and f-f electrons.
Arrows indicate the f electron concentrations nrwhere the
f-f spin correlations abruptly increase.

3. Development of the variational -cluster approximation using dynamical density-matrix
renormalization group method and its application (Researcher: Tomonari Shirakawa )

The variational cluster approximation (VCA) based on the self-energy functional theory (SFT)
provides a promising scheme to study strongly correlated electron systems in condensed matter physics.
However, because of the serious limitation of cluster sizes that can be treated by currently available
numerical methods such as Lanczos exact diagonalization, the use of VCA-SFT is still very much
limited to particular systems. Therefore, it is highly desirable to develop an improved method for
solving Green’s functions for larger clusters. This is precisely one of our main purposes of this study,
and here we have overcome this difficulty by dynamical density-matrix renormalization group
(DDMRG) method properly used as a solver of the variational clusters.

In DDMRG calculations, the correction vector method is used with variational principle to treat the
reduced Hilbert space for the DMRG procedure. In this method, one must solve the variational problem
for each frequency because the dependence of the correction vector is very strong along the real-axis of
frequency. We have successfully reduced the computational cost by utilizing the self-energy functional
of the grand potential using the imaginary-axis dependence of frequency of Green’s functions, reducing
the number of times to solve the variational problem for the DDMRG.

Next, we apply this method to the weakly coupled Hubbard chains on the square lattice to study the
dimensional crossover in one-particle excitations. Our calculations show that at half-filling the
staggered magnetic moment becomes finite as soon as a finite inter-chain hopping Z is introduced,
which i1s in good agreement with the renormalization group analysis in weak-coupling limit. The
calculated one-particle excitation spectra for # = 0 and 0.3 are shown in Fig. 4. In the absence of the
inter-chain hopping, there exist spinon- and holon-blanches around (kx,k;) = (7/2, 0) ~ (71,0), which is
the spin-charge separation of the one-dimensional systems. Introducing a finite inter-chain hopping %,
the holon blanch is suppressed whereas the spinon blanch is enhanced. This observation indicates that
the quasi-particle description is valid even in the quasi-one dimensional limit.
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Fig.4. One-particle excitation spectra as a function of momentum (kx,4;)
and frequency o for (a) 4= 0 and (b) # = 0.3. On-site Coulomb repulsion
Uty = 8 is used where #xis the intra-chain hoping.

4. First-principles calculations of thermopower on metallic junctions (Researcher: Qinfang Zhang)

Motivated by recent experimental discovery of a huge Peltier cooling effect on CulNi/Au junctions with
the maximum cooling power of 1mW reported by Fukushima etz al, we have been studying
thermopower on metallic junctions. For a quantitative analysis on Peltier cooling effect on metallic
junctions, the thermoelectric parameters for bulk as well as interfaces are estimated by first principles
calculations based on the framework of density functional theory with a tight-binding muffin-tin
orbitals basis. The Landauer-Buttiker formalism is used to study quantum transport coefficients, and
the energy dependence of quantum scattering is determined based on the well-known Mott’s law.

As a test case, first, we have studied the thermopower of bulk CuNi (constantan) alloy, and found it in
good agreement with the corresponding experimental data. Here, the resistivity is estimated by
numerically calculating resistance for different energy levels around the Fermi energy Er (Fig. 5),
which is essentially linear to the thickness of CulNi, as expected from Ohm’s law. The resistivity is thus
given by the slope of the total resistance as a function of the thickness, which is estimated about 30.46
pQcm (at Fermi level), consistent with the experiments. The Seebeck coefficient (S) being determined
by Mott’s law, the thermopower (=S/T) at room temperature (T) is estimated about 171.75 nV/K2.

Encouraged by the success of the bulk calculations, next, we have studied the transport properties for
CuNi/Au junction. We took gold as one lead and CulNi as another lead, with 10 layers of CuNi and 10
layers of gold in scattering region. For electronic structure calculation, we use virtual crystal
approximation to treat an alloy of CulNi in the lead, and coherent potential approximation in the
scattering region. We have studied two case with and without lattice relaxation due to the lattice
mismatch of CuNi and gold. We found that the estimated interface thermopower for both cases is
around 100 nV/K2, which is significantly large compared to the bulk value. Therefore, we conclude that
the interface contribution to the thermal transport in metallic junctions is much more important than
one might have expected, and it needs to be considered for any quantitative comparisons with
theoretical calculations and experimental observations.
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Fig.5. Resistance for CuNi as a
function of thickness of CuNi for
different energy levels close to Fermi
energy Er indicated in the figure.

5. Entanglement perturbation theory for low-dimensional quantum many-body systems (Researcher:

Lihua Wang)

Recently developed entanglement perturbation theory (EPT) is used to study a wide range of
low-dimensional quantum many-body systems. The EPT is a variational method to solve numerically a
matrix product ansatz for the ground state of a many-body quantum system. The method can in
principle be applied for both boson and fermion systems in higher spatial dimensions than
one-dimension (1D).

First, the 1D spin-1/2 and spin-1 antiferromagnetic Heisenberg models with and without an external
magnetic field are studied. For example, 2-spin and 4-spin correlation functions are calculated with
unprecedented precision for spin-1/2 chains, and the fine structures in the 4-spin correlation functions,
depending on the strength of the external magnetic field, are clearly observed. The lowest excited
dispersion is also calculated for the spin-1 chains, which agrees well with the existing other numerical
results.

Second, we have recently generalized the EPT algorithm to handle fully inhomogeneous quantum
systems to study the 1D Bose Hubbard model for ultra-cold atoms in optical lattices. We have identified
a phase transition from the superfluid to the Mott insulator with the Kosterlitz-Thouless transition. A
possible Bose glass phase is also studied when the inhomogeneous potential is present.

Third, we have extended the EPT framework, originally established in 1D, to two dimensional (2D)
fermion systems. Treating the anti-commutation relation of fermions carefully, this generalization
allows us to study the 2D Hubbard model on the square lattice with moderate lattice sizes (~10x10
sites). The ground state phase diagram of electron concentrations versus on-site Coulomb interaction
shall be established to conclude whether or not the 2D Hubbard model alone is capable for explaining
high-Tc cuprate superconductivity. This method is also used for the 2D Hubbard model on the
triangular lattice to see if there exists a novel spin liquid Mott insulator, which has been observed
experimentally in an organic material x-(ET)2Cu2(CN)s. It should be emphasized that the numerical
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algorithm developed here is highly suitable for large scale parallel computations.
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