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Inhomogeneous Electron Gas*
. P. HOHENBERGT
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W. Konnt
Ecole Normale Superieure, Paris, France and Faculté des Sciences, Orsay, France

University of California at San Diego, La Jolla, California
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PHYSICAL REVIEW VOLUME 140, NUMBER 4A 15 NOVEMBER 1965

Self-Consistent Equations Including Exchange and Correlation Effects*

W. Kona~ anp L. J. Szam
University of California, San Diego, La Jolla, California
{(Received 21 June 1965)

ﬂ-:r(r) = mewm(f)lz *
fac =0, 1
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afm Eprr =
[+ v 4 (Janak) DEH
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JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN Vol. 9, No. 5, SEp.—OcT., 1954

On the Absorption Spectra of Complex Ions. 1

By Yukito TANABE

oL (=470
Department of Physics, University of Tokyo Ni II 3 {B -~ IO'3§ 3d?( GF)485F~5]
and Satoru SUGANO £

Institute of Broadcasting, N.H. K. /B / | 3 .

(Recieved June 11, 1954) A Fs ﬁ(de“‘dgﬁ
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On the Absorption Spectra of Complex Ions II 3,

By Yukito TANARE
Physics Department, Tokyo University 3F (desdga)
and Satoru SUGANO 401 s e
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(Received June 11, 1954)
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. v
J. Phys. C: Solid State Phys., Vol. 5, 1972. Printed in Great Britain. @ 1972

In+1} = Hn} — ay|n} — by|b— 1},
{nn+1} =0 — {nm}=0 (n#m)

) —
Electronic structure based on the local atomic {n|H|n} = ap{n|n}, {n—1/H|n} =>b{n—1n—1}
environment for tight-binding bands
R HAYDOCK, VOLKER HEINE and M J KELLY and
Cavendish Laboratory, Cambridge, UK
ogooooodit {n\H\n}
H, = ——,
{n|n}
_ {n —1|H|n}
Lanczos Method Hntn = o S 2 et 12
Recursion Method =
Hn,n = Aan
Hn—l,n — dinn—1 — [bn—1]1/2
=
( ai bl 0 cee \
. - b b « o
Gram-Schmidt M A% v b2
0 bg as
H=| : 0
0
bn—1



Administrator
タイプライターテキスト

　　　　　　　‡


PHYSICAL REVIEW B VOLUME 12, NUMBER 8 15 OCTOBER 1975

Linear methods in band theory*

0. Krogh Andersen
Department of Electrophysics, Technical University, Lyngby. Denmark

oooooods

or(r — R) = codp, (1),

XRo(T — R)=9¢p (T — R)+ Z Z dr /(T —ROhp i Ry
R/ L/
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(LMTO+Lanczos, KIRER+FE—[RIE)

Jmamal of Morn-Cryviallms Solids &1 & GI 1984} {31048
Mo Ly -HioBasnd, Arrdierdasn

ELECTROHIC STRUCTUSE CALCULATIONS FOR AMORPHOIUS ALLCYS

HHEEERE

TEepn FLITHARA

Bax-Pleanck=-Institet fir Festiirperforschung, 7000 Stuttgart &0,
Fesderal Republic of Lerpany *

We define the generalized, screened structure constantlS
§ = 5s(1-3759) {6)

with (']S, Qp and ('Jd chosen in such a way that the localization of S is
optimized. We then express eq. (5) in terms of § as follows

h=Q+ho HDTR=F-fa Th+... (7)

with the definitions

€1
[

€

+

E 1/2 = [1 + (0 "1 _ Q'l) A_l(t)._] A1/2

and

oo=1+@ -]

The matrix inversion (6) can only be performed on a Tattice and, for the fcc,
bec and sc lattices, it is found!S that with the following values of -1

0.3485 (s) , 0.0530 (p) , 0.0107 (d)

the screened structure constants S are vanishingly small for the 3rd and higher
neighbour distances. Moreover, each two-center integral, e.g. 5__ , considered

PHYSICAL REVIEW B VOLUME 44, NUMBER 8 15 AUGUST 1991-11

Electronic-structure calculations for amorphous solids
using the recursion method and linear muffin-tin orbitals:
Application to FegoByg

H. J. Nowak,* O. K. Andersen, T. Fujiwara,Jr and O. Jepsen
Maz-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, D-7000 Stuttgart 80, Federal Republic of Germany

P. Vargas
Universidad de Santiago de Chile, Departamento de Fisica, P.O. Box 307, Santiago-2, Chile
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FIG. 4. PDOS and partial occupations for crystalline
Fe,B system obtained by a standard third-order LMTO-ASA
band-structure calculation. For boron, only the crystalline s
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part of the DOS is negligible, and the number of d electrons is
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Eigenstates in 2-Dimensional Penrose Tiling

Hirokazu TSUNETSUGU, Takeo FUNIWARA, Kazuo UEDA
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Fig. 2. The integrated density of states of (13,8)-PPT.
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Approximant crystal
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VOLUME 40, NUMBER 2

Electronic structure in the AlI-Mn alloy crystalline analog of quasicrystals

Takeo Fujiwara

Department of Applied Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan

(Received 23 March 1989)

15 JULY 1989-1

Electronic structure in crystalline a-(Al;;4)Mn,,) is calculated by the linear muffin-tin
orbital-atomic-sphere approximation method with the local-density-functional theory. The density
of states consists of a set of spiky peaks. The electronic structure is discussed for quasicrystalline
Al-Mn alloy from the viewpoint of the stability and the role of the vacant center of the Mackay
icosahedron. The stability is actually owing to the pseudogap of the Mn @@@@e@s,@ :t

bonding bands of the Al glue atoms.

3x10°

(States/Ry Cell)

Density of States

ol
=10 Energy  (Ry )

FIG. 1.

“o

Integrated Density of States

Total density of states and integrated density of

states in a unit cell. The Fermi energy is 0.115 Ry, shown by

the vertical line.

Pseudo—gap
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near Fermi energy Er (Q), 0.2Ry below Er (O) and 0.5Ry below Er (A) as a

tem Fig. 3.12. The participation ratio of d-AlCuCo averaged over about 50 eigenstates
function of the number of atoms N in a unit cell.

Al G, E:

e

Co. Those atoms represented by the solid symbols are most probable, with the total

ions
probability being 60%. Together, the shaded and closed symbols represent those

t

ic posi

.

atoms which have a total probability of 90%. The remaining atoms are represented

Fig. 3.11. One of exact eigenstates of d-AlCuCo near the Fermi energy in a sys
by open symbols.

of 2728 atoms in a unit cell. The symbols show atom
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(High Tc: Correlated Systems)

JAPANESE JOURNAL OF APPLIED PHYSICS
VoL. 26, No. 5, MAy, 1987, pp. L716-L718

Electronic Structure of High 7. Superconducting
Layered Perovskite La-Cu-O and Y-Ba-Cu-O by LMTO Method

Energy[Ry]

Takeo Funiwara and Yasuhiro HATSUGAI

0,8 Lt et : . L

Department of Applied Physics, University of Tokyo, Tokyo 113

(Received April 15, 1987; accepted for publicatioEA@ilEP,EPE |:| |:| i
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VOLUME 55, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1985
Unified Approach for Molecular Dynamics and Density-Functional Theory EFEEES
R. Car (BT > 2 L)
International School for Advanced Studies, Trieste, Italy P _ﬁ Eriv¥—oBTHiE
d == B
an ’ —
/ = ""--.__‘H\\
M. Parrinello ] . >
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Bio RDEFNFHEICE T HAHEDES

QI IO I (V- - o=l - - ontier Orbitals of Lysozyme

K.Kitaura et al, Chem Phys. Lett., 336, 163(2001) (1 061 atoms)
2) =2F - THMEE

{5 : ONIOM ;% (M. Svensson, S.Humbel, R.D.J.Froese,

T. Matsubara, S. Sieber, K. Morokuma, J. Phys. Chem. 100,
19375 (1996)
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ZENEHER (REIRE) BH—R L—%—175I= (SD)

< EbLTE
Linear Method Muffin-Tin#hg) Z=ZLEEFRTT <> Bloch MFEHE
u NMTO, EMTO %
K3H1EZ  (Order N method) FhECAR BE ol )
o AH BE |
KIRBREHIEX DR ZRHOE > E G A
F BT 153530 {2
BRI 5 = =

(DMFT, LDA+DMFT)
M - FREELE
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Large-scale electronic-structure calculations

Witout calculation of extended eigenstates.

7

A

I —>>| cigen statesQ; ﬂ» ﬁ& <X>

\‘@/

N

Not necessary all of elements of Density Matrix

" Calculating a physical quantity (X)

(X) = (sl X|¢:) = Tr[pX] ()

1

OocCC

p= Z 65 (] @)

( one—Body )density matrix

\

Wannier representation.
Hoshi and Fujiwara
J. Phys. Soc. Jpn 69, 3773 (2000)
Order-N
Hoshi and Fujiwara
J. Phys. Soc. Jpn 72, 2880 (2003)
Krylov (Subspace Diagonalization)
Takayama, Hoshi and Fujiwara
J. Phys. Soc. Jpn 73, 1519 (2004)
Krylov (Shifted COCG)
Takayama, Hoshi and Fujiwara
Phys. Rev. B73, 165108 (2006)



Large-scale Electronic Structure Calculation

[S—
O
o~

10" atoms !!
~(70 nm)> system !!

[S—
-
w

[S—
-
Do

Density Matrix Formalism

[
or—

Wannier state representation
Krylov subspace diagonalizatiopn
shifted COCG method

Hybrid method and parallelization

Computational time [sec]
o

107!

/757/ /

/

ay/
| % C-EIG (CuA;l/CPU)
/

—— KR (Cu; 64CPU)
—— KR (S, lig-C; 64 CPU)

/

/

WS-VR (Si: 32CPU)
——— WS-PT (Si; 1 CPU)
——WS-PT (Si; 512CPU)

10' 10 10° 10* 10° 10° 107 108
Number of atoms



Hoshi, Iguchi and Fujiwara
Phys.Rev. B72, 075323 (2005)
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Steps are formed i large (10-nm-scale) samples

Example of STM experiment

Mera, et al., Ultramicroscopy, (1992)
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Hoshi, Iguchi and Fujiwara
Phys.Rev. B72, 075323 (2005)
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Mera, et al., Ultramicroscopy, (1992)
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(Bending of cleavage path\

into favorite planes
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Hoshi, Iguchi and Fujiwara
Phys.Rev. B72, 075323 (2005)
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GOId hEIiCGIMUItiShE” nanOWires Magic number, Multi-shell structure, Helicity

Energy (eV)

445
450 |
455 |
460 [ &%
465 |

-470

Y.K

Energy and structure change

11-4 nanowir~?

100 200 500 1000 2000 5000 10000
Time Step
ondo and K.Takayanagi, Science 289, 606 (2000)

lguchi, Hoshi and Fujiwara (2007)

13-6-1
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Gold helical multishell nanowires .

Local Density of States (11-4 Au nanowire)

Density of States (States / eV)

(a)

15T S O14eV 1

s -0.59V T

6 4 -2 0 2 4 6

Energy (eV)
Atom A t=0 and 0. 5ps

-6 4 -2 0 2 4 6
Energy (eV)
Atom C at t=0 and 0. bps

-6 4 -2 0 2 4 6
Energy (eV)
Atom B at t=0.5 and 5ps
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Electronic structure calculations for large scale systems

104~107 atoms  (10~100 nm)

Tight-binding formulation of the total electronic energy

Generalized Wannier states —— Unitarity freedom of eigen states
(1) Density matrix represented by Wannier states
(2) Insulators / semiconductors

Krylov Subspace Method

Subspace diagonalization method

Shifted COCG method

(1) Density matrix in Krylov subspace
(2) Insulators / semiconductors and metals

Hybrid scheme by dividing the Hilbert space, Prallelization

Construction of Universal TB-Hamiltonian



ZENEHER (REIRE) BH—R L—%—175I= (SD)

< EbLTE
Linear Method Muffin-Tin#hg) Z=ZLEEFRTT <> Bloch MFEHE
u NMTO, EMTO %
K3H1EZ  (Order N method) FhECAR BE ol )
o AH BE |
KEEBERE AEXDEEE TREFESE Gl
F BT 153530 {2
BRI 5 = =

(DMFT, LDA+DMFT)
M - FREELE

T/ RT=IVORT L




*HF‘;E]G)@@L\% High-Tc (Cuprate) |,

EREREEILY etc, etc

Fi& = FFHRE
LDA LSDA GGA RPA, :DEFEﬁgF_*§'ISE
| DA-S|C ﬁE*ﬁE1¢ﬁ3(:i¢TéfﬁE
on-site U (EMEIELF)
L (S)DA+U = O Spin Gap
X Goulomb Gap, (Hubbard Gap)
GW 342l
U+GW SE 421 BhEER

DMFT (Dynamical Mean Field Theory) Eif#ES E (on-ste)

LDA+DMFT = Hubbard Gap
Coherent peak

=EFEUTAHIILAOZE



Constraint LSDA

1
Frspa(ny,n)) = E0+n52—|—§n(n—1)U

1 1
—§TLT(TLT — 1)J — ;nl(nl — 1)J

OFE1spa(ny,n))

5LSDA,da(nTanl> — I
1 1
= 82+(n—§)U—(ng—§)J

—

n 1 n n 1 n
U = 5LSDA,dT<§ - 9’ 5) — €LSDA,dT(§ + 57 1)

n 1 n 1 n 1l n 1
J = 5LSDA,dl(§ - 5, 5 — 5) — 5LSDA,dT(§ + 5, 5 — 5)



LDA-SIC (Self-interaction Correction, EHCHE{ERAFIE)

LDA TRIILF—REHKTEH. BRBEENMESV—OVHEERZRL S
ELDA—SIC — ELDA [nTanl _I_ ZESIC nio‘]

ESIC [nw] = —{EH [nio'] + E}I;CDA [nw, 0]
LDAtU (U —B UMHEERICKSERIEDL E)
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1
o oL / 4B T Gy (B) = S (65100 1) 01160,
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Orbital and charge ordering inLa Sr MnO,

Korotin, Fujiwara and Anisimov
PRB 62, 5696 (2000) 1t

total.dos-2(undoped-MK1).dat*4
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GW-approximation

1

Self energy
Unperturbed (LDA)

Cleemunetion G Green function

oaesess—— $z— -—h-—|.+.... -

Dynamical screened _ _
Coulomb interaction Coulomb interaction

W Vv
AN, - M+

Polarization

_ 5 P : Polarization function of RPA

Y =1G o W (L. Hedin, Phys. Rev. A 139, 796 (1965))

Off-set method, Product-Basis, Parallel Computation etc.
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LaMnO;,

A-type Antiferromagnet

GWA: Energy gap (direct) 1.0 eV
(indirect) 0.82eV
i N (exp) 1.1 eV

Lo = \§] 48] S

C-type orbital order

GW-approximation

0
EF Energy (eV)

Nohara, Yamasaki, Kobayashi and Fujiwara, Phys. Rev. B 74, 064417 (2006)
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Screened Coulomb interaction W [eV] on Mn sites

40 . .
W(eV)I | L GW-approximation
Majority ——
Minority -------
30 -
20l onsite (majority spins):3.00 eV

onsite (minority spins):2.40 eV

Re W Onsite offsite(majority and minority spins):0.34 eV

23.4, 17.2, 3.7 eV (high energies)

-30 | | ! ' Phys. Rev. B 74, 064417 (2006)
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U+GW-approximation better G, < L (S)DA+U

Self energy
Green function ATPEtelste) (D01 SAC)

G Green function
G 0
oaesess—— $z— — 3 _l_ . - P

Dynamical screened

Coulomb interaction Coulomb interaction Polarization
W v
MAN = o g
— lG G P : Polarization function of RPA

Off-set method, Product-Basis, Parallel Computation etc.
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increasing pressure —e=

. . . . . 2
500 T | T Vanadium in trigonal symmetric field d
ritical point -, E
wt | YA
P e

paramagneic r i paramagnetic g
% 300 - insulator metal - TU
: f 5 3d 5 / €g
© :
E_ corundum r'r il E coiterdiin . 3
2 200 structure T - structure alomic i 2

o e state g
=
i —~
E e J
et antiferromagnetic e a
i : excling H
insulator :::':{ :ﬂ:‘f \H - 19
0 Y N N R L1 ol o4 |
B et BB e Ss1/2 or KTy,
doping concentration Keller et.al, 2004 T
E(ayg)<or > E(ef)

What kind of transition
~150K

energy gap=0.35~0.66eV between PM and AF1?
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V,0,  (U+GWA)

U/J=2.6/0.9 ¢

v LN N
N §
Seee” S NN V.
\
L o )
AN ool RN
N1 AN Pt
N ’ SN - <2
N . RN ¥ R
e N, | -
XS

Enhanced Crystal Field Splitting and
o Orbital Selective Coherence
9 by Strong Correlations in V,0;

A1 Poteryaev,! J.M. Tomczak,! S. Biermann,! A. Georges,! A.L
Lichtenstein,®> A.N. Rubtsov,® T. Saha-Dasgupta,* and O.K. Andersen®

— U+GWA
................ L (S) DA+U
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LSDA+U

spin |

Im G

Im G
1IONROOS

spin

1 [1/eV]

o
S

o
Sz

—

NiO (U+GWA)

[eV]

Exp:
E.=4. 3eV
M =1.9ug

O-p Nityy Ni-s
O-s Ni-eg

o

o
o

—

o
o

LSDA+U QP expt

o 5 0 5 10 1 5 0 5 10 15[eV]
U=0[eV], J=0[eV] U=4[eV], J=0.95[eV]

ZG F A G BL ZG F A G

U=0[eV], J=0[eV]

U=4[eV], J=0.95[eV]




LDA+DMFT (IPT) *Wajority Spin

0-p

Ni-T2g
LDA Ligand Field Theory 3 \
* One electron spectrum * Many particle spectrum N
= <y
DMFT |(dynamical mean field theory) ~ |
[A.George ct al, Phys. Rev. B45, 6479 (1992)] ¢ 2
n
Eng (T) - Z (Umm,gzmq ms Um,mgzm,gm,1 5UU’>Um1m,3:mmg
XGEr)nlcr(T>G9n3z:r’ (T)GSHQO" (_T>
Siiw) = S 4+ AR (w){1 - B(iw)2® (iw)}

D
N
(@)

T

B DMFT —— N
o =
Expt. L 10t
4 - ~—
210 ¢ A |2
- , T -10p
| LDA
C W 30 Minority Spin ; )
10 - e 0 15 -10 -5 0 d 10 o
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EXACT DIAGONALIZATION

of many-body Hamiltonian

derived from LDA

with S. Yamamoto

C harge correlation

0.3

0.2}

0.1}

ol

01}

0.2

La,_Sr,NiOg (LSNO)

Layered perovskite with stripe order.

X = hole concentration

Antiferromagnetic (AFM)

) ) ) ) -e-Spin&\l=12)
~e~C hargeNN=12) N = -
~e~ChargeN=12V=0) | _04 ~&-SpinN=12V=0)

.%
EO'Z
8
< Of
o
wn
0.2
1 04}

0 0.5 1 1.5 2

0.6 - :
05 1 15 2

Ni2+ t 6 ez D istance (in the unitof lattice constant) D istance (in the unitof lattice constant)
3+ 6 1
N1 t-e Spin stripe accompanied by anisotropy
0.5
2+
Ni X=1/2 04l
g
* i___$_ * £03 V=0.5eV
r 1 =
70, Y fof
o
| o
* - # - 4— * Zol e
Q ””,w‘ "o,""
wn . So o e,
), O, O 0 N
0.1 g
-0.2 n A Hopping';;lisotropy
0.01 0.02
o (eV)

Strong coupling between charge and spin fluctuation

(0<x<0. 5)

Insulator in the range x<0.9.

o
Q
N\ N\ K
v, ¢ * RN
”, o
", * \‘ R
4!
%, e o

—.=—SpIn stripe

N éelorder :2nd n.n = 3rd n.n
0 rthorhom b ic anisotropy causes sp in stripe

Off-diagonal Coulomb Interactions

——)» Charge Stripe

Anisotropy of Hopping Integrals

— Spin Stripe
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