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The enormity and complexity of proteins have rendered their electronic structure cal-
culation very costly. Although recently established Fragment Molecular Orbital (FMO)
method [1] enables us to calculate total energy of a huge protein precisely based on quan-
tum mechanics, the method does not refer to one-electron orbitals and one-electron energy
spectrum.

In this paper we propose a method of analyzing electronic structure of a protein based
on first principles calculation with reasonable accuracy and CPU cost. We construct one-
electron Hamiltonian of proteins by assembling the output of the FMO method: fragment
orbitals are determined by fragment monomer calculation, while interaction and overlap
between fragment orbitals in different fragments are obtained from dimer calculation.
After one-electron Hamiltonian matrix of the whole system is fabricated with the fragment
orbital basis, one-electron energy spectrum is obtained by its diagonalization. If the
matrix dimension is too large, unimportant orbitals like core orbitals are eliminated from
the matrix so that the diagonalization of the Hamiltonian becomes feasible. The method
is applicable to both the Hartree-Fock method and the density functional theory. In this
paper, validity of the method is verified by some test calculations of small peptides (Fig
1).

Fig 1:

One-electron energy spectrum of a pseudo-
amino-acid pentamer. The error of the orbital
energy is shown as a function of the orbital en-
ergy. Open circles show the results by the present
method, while open squares are obtained by arti-
ficially switching off the interactions between frag-
ments.

[1]K.Kitaura et al, Chem.Phys.Lett., 312,319(1999).
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In order to calculate electronic structures of solids including electron correlation effects,
we have adopted the transcorrelated (TC) method [1-4]. In the TC method, a many-
body wave function is represented by a correlated wave function F'®, where ® is a single
Slater determinant and F is a Jastrow function, F' = exp[— >, ; u;;]. u;; is a two-body
function called Jastrow factor. The many-body Hamiltonian H is similarity transformed
to an effective Hamiltonian Hyrc = F~!HF with up-to-three-body interaction. One-
electron orbitals in the Slater determinant ® and their orbital energies are optimized by
solving a set of Hartree-Fock (HF)-like single particle equations derived by minimizing the
variance of the effective Hamiltonian. Some research groups have developed and tested
the TC method for atoms and small molecules [1-4], electron gas [5,6] and crystalline
semiconductors [6]. Recently, we confirmed that the total energy calculations for solids
using the TC method were feasible enough to determine the lattice constants and bulk
moduli. We also confirmed that the band gaps of ionic solids calculated by the TC method
were improved from those by LDA.

In this study, we have investigated the effect of the self-consistent field (SCF) approach
which is used in solving the HF-like single particle equations in the TC method. For this
purpose, band gaps were calculated as a one-shot perturbation by using the unperturbed
LDA orbitals as initial guess orbitals (one-shot TC method). Next, we compared the
band gaps calculated by the conventional TC method in which the SCF approach was
used (SCF-TC method). We evaluated the band gaps of Si, SiC, LiH, C (diamond),
cubic-BN, NaCl, LiCl and LiF, which were calculated by the SCF-TC, one-shot TC and
HF methods. The one-shot TC results are improved over the HF results except for the
LiF. The difference between one-shot TC and SCF-TC results is small for Si and C but
large for SiC, NaCl and LiCl, and especially large for LiF. From this result, we found that
the SCF effect was important for strongly polarized solids such as LiF because the initial
LDA orbitals were described poorly for such strongly polarized solids. We checked the
SCF-TC wavefunction of LiF was more localized on F atom than LDA’s.

[1] S. F. Boys and N. C. Handy, Proc. R. Soc. London, Ser. A 309, 209 (1969); ibid.
310, 63 (1969); ibid. 311, 309 (1969). [2] N. C. Handy, Mol. Phys. 21, 817 (1971). [3]
S. Ten-no, Chem. Phys. Lett. 330, 169 (2000); ibid. 330, 175 (2000). [4] N. Umezawa
and S. Tsuneyuki, J. Chem. Phys. 119, 10015 (2003). [5] N. Umezawa and S. Tsuneyuki,
Phys. Rev. B 69, 165102 (2004). [6] R. Sakuma and S. Tsuneyuki, J. Phys. Soc. Jpn.
75, 103705 (2006).
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Graphene is now attracting much interest due to its potential talent for nano-structured
electronic devices in the next generation. As for possible spin electronic device applica-
tions relating to the effect of edges|1], there have been several theoretical proposals|2,3].
As shown by our group, graphene structures with localized magnetism can be actually
designed as material solutions[4]. But, to design plausible nano-scale device structures
functionalized by quantum nature of electronic states in the graphene, we need to keep
network topology of honeycomb lattice as perfect as possible. The most desirable method
for construction of a functional graphene device is to utilize interface between graphene
and a nano-fabricated substrate. Then, we may be able to use the graphene as a func-
tionalized electrode or "a guide of electron waves and/or coherent material waves”. We
have designed possible methods for fabrication of nano-scale device structures utilizing
graphene. Important techniques should be 1) formation of strong covalent bonding be-
tween a part of substrate and graphene, 2) creation of nano-sized quantum structures
by nano-fabrication techniques e.g. spinodal decomposition[5]. As a realization of em-
bedded edge states inducing spin polarized electronic state, we discuss graphene on a
SrO(111) surface (Fig 1). Reaction between oxygen atoms and graphene creates sp3 bond
formation in graphene lattice and a resulting periodic array of defects of orbitals. The
local-spin-density approximation in the density functional theory tells us that a spin po-
larized metallic state appears. In these types of lattice it is known that the physics of
the flat-band ferromagnetism appears[6]. Indeed, we have physics and chemistry of the
embedded edge states in this designed structure.

References

[1] M. Fujita, K. Wakabayashi, K.
Nakada, and K. Kusakabe, J. Phys.
Soc. Jpn. 65 (1996) 1920.

[2] B. Trauzettel, D.V. Bulaev, D. Loss
and G. Burkard, Nature Phys. 3 (2007)
192.

[3] Y.-W. Son, M.L. Cohen and S.G.
Louie, Nature, 444 (2006) 347.

[4] K. Kusakabe and M. Maruyama,
Phys. Rev. B 67 (2003) 092406. ¥ Z

[5] K. Sato,.H. Katayama-Yoshida and Fig. 1 Atomic structure of graphene on a
P.H. Dederichs, Jpn. J. Appl. Phys. SrO(111) surface. Oxygen ter- minated SrO

44 (2005) L948. surface is assumed with graphene covered.

[6] N. Shima and H. Aoki, Phys. Rev. Spin density profile is shown by colored
Lett. 71 (1993) 4389. iso-surfaces.




PS 40

Magnetic anisotropy and its finite electric field effect of the
Pt/Fe/Pt(001) surface

M. Tsujikawa! and T. Oda?

L Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa 920-1192, Japan

2 Institute of Science and Engineering, Kanazawa University, Kanazawa 920-1192, Japan

The controlling of magnetic properties by electric field has been required for technology
of spin electronics. The knowledge of microscopic origins on electric field dependence in
magnetic anisotropies could cotribute a development for a high-density recording media
for next generation. In this work, the finite electric field effect has been studied by the first-
principles electronic structure calculation for the surface system Pt/Fe/Pt(001) (see Fig.
1), which has appeared as a strong perpendicular magnetic anisotropy system [1,2]. The
electric field was applied by the method of effective screening medium (ESM) developed
by M. Otani and O. Sugino [3]. It was found that with the inward electric field of 1
V/A the magnetic anisotropy energy (MAE) could be reduced by 7.7 %. Futhermore, the
linear relationship between the MAE and the electric field was confirmed, associated with
the added electron (induced charge for induction of the electric field), as shown in Fig.
2. The analysis of a locally partitioned MAE indicates its remarkable space variation
and, as a consequence of averege, the resonable value is obtained. It also shows that
the contribution from the interstitial region results in the same order as that of atomic
contribution. These analyses imply that estimations of the MAE can not be directly
related with the values of atomic orbital magnetic moments at least for this system. We
will present the distribution of induced spin density and discuss relationship with the
spatial distribution of MAE.
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Figure 1: The model of the sufrace Figure 2: The MAE (circle) and the

system Pt/Fe/Pt(001). The electric number of added electrons (cross) as
field € is parallel to the surface nor- a function of the electric field for
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Nitride semiconductors are of significant importance as not only optoelectronic devices
but also potential applications in spintronics. In particular, gadolinium-doped gallium ni-
tride exhibits room-temperature ferromagnetism. Furthermore, the magnetic moment per
gadolinium atom in Gd-doped GaN has been observed as large as 4000 pp[1]. The mech-
anism of this extraordinary huge magnetic moment has not been clarified yet, although
first-principles calculations have revealed that Gd in GdGaN can contribute to the mag-
netic moment of 7 pp[2]. Indeed, a Ga monovacancy, one of the most important intrinsic
defects in GaN, has recently been found to exhibit spontaneous spin polarization having
the magnetic moment of 3 pp in the neutral charge state|[3].

In the present study, we report first-principles calculations on spin polarization in
wurtzite Gd-doped GaN. We have found that Ga monovacancies interact ferromagneti-
cally with the presence of Gd[4]. The density of states shown in Fig.1(a) clarifies that
unoccupied sharp peaks in the band gap with the minority spin are due to two Ga vacan-
cies contributing to the magnetic moment of 6 . In addition, the Gd 4 f shell is just half
filled having up =7 pp. We have explicitly examined possible configurations among the
spin sites, and found the ferromagnetic configuration is most stable resulting in the total
magnetic moment of g =13 pp. Furthermore, as seen in Fig.1(b), the magnetic moment
increases linearly with the number of Ga vacancies obtaining up =220 pp for 71 Ga va-
cancies per Gd atom. Thus, the experimental observation of gigantic magnetic moments
per Gd atom for dilute Gd concentrations[1] can mostly be attributed to ferromagnetic
spin polarization of cation vacancies[4].
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Figure 1: (a) Density of states for Gd-doped GaN with two Ga vacancies together with
the local density of states for Gd and its f component. (b) Magnetic moment per Gd
atom with respect to the number of Ga vacancies.
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At first, we calculated 5H-BN[1] which was synthesized by Komatsu, et al.[2]. We have
investigated 2H - 6H polytypes for BN, SiC, and AIN[3]. Very recently, we have calculated
the electronic and lattice properties of 10H-BN and 10H-AIN[4] which are sp3-bonded
compounds. The 10H polytype has different 18 structures[5] and possible symmetries and
hexagonalities (H[%]) are P63mc, P3m1 and 20 %, 40 %, 60 %, and 80 %, respectively.
The 12H polytype has different 58 structures[5] and possible symmetries and hexagonali-
ties (H[%]) are P63mc, P3m1 and 16.7 %, 33.3 %, 50 %, 66.7 %, and 83.3 %, respectively.
Four structures in the 10H polytype were treated in the previous study[4] and obtained
their electronic and lattice properties. Their stacking sequences (ABC notation) are AB-
CABCBACB (P63mc, H = 20 %), ABCABCABAB (P3m1, H =40 %), ABCBCACBCB
(P63mc, H = 60 %), and ABCBCBCBCB (P3m1, H = 80 %). Their lattice properties
were optimized automatically by the first-principles molecular dynamics (FPMD) method.
A calculated 12H polytype structure is only ABCABCACBACB (P63mc, H = 16.7 %).
Energy cutoff and size of k-point mesh are 144 Ry and 12x12x8 (12x12x2 for 10H and
12H), respectively. In the 12H polytype, a size of computation is large and it needs huge
memories. We have calculated the electronic band structures, the minimum (direct) band
gap values, the valence band maximum (VBM), and conduction band minimum (CBM) of
2H-, 3H-, 4H-, 5H-, 6H-, and 10H-BN. Their electronic band structures are non-metallic
and band gaps are indirect. We are calculating 12H-BN(ABCABCACBACB) at present.
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Ferroelectric random access memories (FeRAMs) are one of non-volatile memories and
beginning to be used in commercial products[1]. One of the problems in using FeRAM in
actual device is that the polarization tends to decrease after many cycles of polarization
reversal during device operation (fatigue). A possible cause of the fatigue is related to the
oxygen vacancies. Among many ferroelectrics, those with the Aurivillius layer structure,
especially BiyTizOq5 related compounds, have attracted considerable attention due to
their fatigue endurance as well as their large remnant polarization, lead-free nature, and
relatively low processing temperatures. As for the mechanism of the fatigue endurance
of materials with the Aurivillius layer structure, it is suggested that oxygen vacancies
prefer to stay in the BiyOy layers where their effect upon the polarization is thought to
be small and not in the octahedral site that control polarization[2]. In the present study,
we have studied the formation energy of oxygen vacancy and its effect on spontaneous
polarizations of BiyTi3Oq5 by first-principles theoretical calculations.

We used a program package STATE (Simulation Tool for Atom TEchnology). Our
calculations are based on the density functional theory (DFT) within a GGA of Perdew
et al. Vanderbilt’s ultrasoft pseudopotentials are used for Ti 3p, 3d and O 2p compo-
nents, while other components are described by the Troullier-Martins norm-conserving
pseudopotentials. Wave functions are expanded in a plane wave basis set and the cutoff
energies for wave functions and augmentation charges are 25 Ry and 225 Ry, respectively.
The electronic contribution of the polarization was calculated using the Berry phase for-
malism[3,4].

We have found that neutral and +2 charged oxygen vacancies prefer sites in the BisOq
layers, while +1 charged oxygen vacancies are not stable[5]. The spontaneous polarizations
of the perfect crystal in both a and c¢ directions are in agreement with experiment. We
have also shown that even if neutral or charged oxygen vacancies exist in a Bi;O, layer, the
spontaneous polarizations are not altered significantly from those of the perfect crystal.
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Using molecular dynamics simulation, we study structural and dynamical hetero-
geneities at the melting in one component Lennard-Jones systems in two dimensions.
We employ a disorder variable D; for each particle j, which measures the degree of devi-
ations from the hexagonal order. Between crystal and liquid we find intermediate states
called "hexatic”, which are characterized by coexistence of crystalline and liquid-like dis-
ordered regions on mesoscopic scales in a temperature window. The changeovers among
these states are continuous. We find that the structure factors of the six-fold orientation
order and the density are considerably enhanced at long wavelengths in the intermediate
state.

Visualizing the broken bonds in successive time intervals, we observe dynamical het-
erogeneities in crystal and hexatic states. The system exhibits two-step relaxations in the
crystal state near melting, which originates in the diffusion of free volumes occurring in
the defect cluster.

[1] H. Shiba, T. Araki, and A. Onuki, arXiv:0808.1453 (2008)
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We have performed massively parallel classical Monte Carlo simulations of a variety
of two dimensional frustrated spin systems in applied magnetic field, using the exchange
Monte Carlo method [1], together with complementary spin wave analysis and mean field
theory.

Here we consider two problems : (i) the existence of an m = 1/3 magnetization plateau
on a square lattice in recently discovered quasi-2D cuprates with competing ferromagnetic
and antiferromagnetic interactions [2, 3], and (ii) the succession of phase transitions re-
cently observed in high field experiments on AgNiO, [4].

Our results demonstrate that many of the interesting features of these complex quan-
tum systems can be observed in classical models at finite temperature [5].
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Figure 1 : The m = 1/3 magnetization plateau on a square lattice with competing FM
and AF interactions obtained from classical MC simulations.
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Recently, it has been suggested that in the quantum dimer model on a bipartite lattice
in 3D, a U(1) liquid extends for a finite range of parameters bordering the quantum-critical
“Rokhsar-Kivelson” (RK) point [1,2]. Such a quantum liquid phase would have extremely
interesting properties, including a new form of effective electromagnetism, and deconfined
fractional excitations.
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Proposed phase diagram for the the quantum dimer model on a diamond lattice, as a
function of the ratio p of kinetic to potential energy parameters, following [1,2].

Here we present the results of an extensive numerical study of the quantum dimer
model on a diamond lattice, using variational and Green’s function Monte Carlo simu-
lation techniques. Our results confirm explicitly the existence of the three phases con-
jectured for this model — a 16-sublattice ordered “R state” with cubic symmetry, a
set of isolated states and, separating them, a U(1) liquid phase terminating at the RK
point. Notably, in the liquid phase, we are able to reproduce the finite size energy spectra
predicted by the corresponding U(1) gauge theory.
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