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HRIZETEZTAHRLLY,
0 EMROERIZRE S Kusakabe theory (X,
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c Ll Cf. KK. &M ,
Theory of phase transitions axiaom.e

Example 1. Magnetic systems:
Nspin A
G(T,h)=—k T In| Trexp{— L Hoin—hD> ST 1},
KgT =

5 L oG(T,h)
o .5 M=N_m=- — /|
Hin J%s, S;. =) cpin™M ( P jT

m: magnetization as the order parameter.

Example 2. Electron systems at T=0: o
_ anl - 7 3 — OE Vext
Efv,J=min[(W[[F +V..]\¥)+ [ drv,  (0n, (1)} == n(r) [M)j
n: charge density as the order parameter.
DFT tells us that, E[v.,] is concave.

. : AA It is continuous for v
Elv, )= minin ([ V. [ )+ [dPrv,, (on(e)] 12T e % oo

These derivatives are ill-defined in general. But’ m and n(r) are Order parameters
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. . . . Cf. K.K. & Maruyama,
Another vartational principle  ;xivi01.2064

When we can divide a set of wave functions into
subsets by

o Symmetry
o An order parameter

we can have another variational principle.

Ex. Spatial Symmet : e density n(r) as

: : on system
Density Functional
' Variational Theory

The lowe 7 by KK 2009 | >

in p,-waves T :,J ﬂ\)
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= K. Kusakabe, JPSJ 70, 2038 (2001) IZ&B¥LiEa—> 2+
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SRE ENEHER
= K. Kusakabe, et al. J. Phys. Condens. Matter 19, 445009
(2007) IZ&K DS RIELT —E 4 FERAEEEHI
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s Z 7 E AL

= K. Kusakabe, JPSJ 78, 114716 (2009) [2&k5 . £ TDE
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ERIEEDLLER

ERESR |HERRESR |(HRESR/ |ZEE3SHE/N

a—>-v.Ls | LDA+U ATV IR 1TV ykik
DFT-LDA

SZ 3k W. Kohn and L.J. V.I. Anisimov, et A.D. Becke, J. A. Savin, et al. K. Kusakabe,
Sham, Phys. al. PRB 44 Chem. Phys. Int. J. Quantum  JPSJ 70 (2001)
Rev. 140 (1965) (1991) 943. 104 (1996) 1040. Chem. 56 2038; ibid 78
A1133. (1995) 327. (2009) 114716.

BECoEEEMN O A A A O

NSA—EOR  H\iE A2) INGA=F INGA—F O

ER T i i
2555 FERIR A v X X X O

1) Multi-reference means that a multi-Slater determinant is used to reproduce correlation effects and quantum entanglement in correlated electron systems.
2) In several versions of LDA+U, ab-initio-determination techniques are proposed but suffered from the double counting problem. It is solved by DFVT in our strategy.
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MEBEDRTE
= Process Design

“&‘w Just | paste graphene on a
SO surface

&“&’e’c@ Don’t cut it!

‘ ?’?e’@’g",‘

(LA o’%”
Saas AL

« Confirm by simulation

2=,

\{ RXE%E
EFTI/INAABEEDERET

= Device Design

« Confirm by simulation
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‘Self—consistent determination of correlation
parameter for Sr,CuO,

One dlmenmwalmpper tmele
Orbitals showing WS B LA™
correlated motion

9y

= A

Correlatlon mtroduced In these bands.

’V

Self-consistency achieved.
By S. Sogo (2009) unpublished.

(0,0,0)(1,0,0)(1,1,0)(0,1,0)(0,0,0)  (1,1,0)
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Variational optimization of U
Evariational :Etotal - EHartree o Erxc t ECoulomb ﬁ

-480,84

-480.85 |
'S, -480.86 }
—, -480.87 }
-480.88 }
-480.89 }

-480.9 }
—4g0.91 |
-480,92 }

R

Energu

-480,93

E . ariational : We use the pseudo potenrial.

E

=variational

8

3

U‘1 [eV] 5

In this equation, there is

no double counting error,
since perfect subtraction

Is done!

This calculation is based on the density functional variational theory

(DFVT).
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A theorem in DFV'T

A variational principle is given by the next inequality.

Ey < min {min C—?Xi.gi’gi (W] + AEXi,Ei,gi [\I/]} , (33)
Xi,€4,9: v '

where Fj is the ground-state energy of the electron system, and ¥ inserting in AF %200 1 2]
is the minimizing ¥ of a functional Gx, ¢, 4,[¥]. The energy functional determining the model

is given as follows.

2 /
GXi,Ei,gz' V] = (Y|T+ Vx,|¥)+ % /d37~d3r’ n‘p|(rr)_nr‘1.’/(|r )

+Eufon] + B[]+ [ Eroc(cne(r). (34)
Minimization possible!!!

Eq. (34) gives a self-consistent determination method of first-
principles models of correlated electron systems.
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HKERRBIEEARDAEV LT

EFEREANS | |

AR SE ) BEBRFEHOFS s BZH TR T NI,
Al BESREORNEERELTRELSS,

* BB

Mazin, et al. PRL 101, 057003 (2008).
Kuroki, et al. PRL 101, 087004 (2008).

a) b)

N \

-y / |
L S 7

Z T (@M

Energy (eV)

- S+- wave

or d-wave
=
EFMNRICLME LIZET (29— /N\—RTZEHEL,
ECAM BoELIFE=ZDARITHSzZARNDEEMNEEL(TIERFIL TLVELY,

M (X+Y) X
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GGAIt A » L+ 1 2 141%

LaFeAsSOMDGGAIZL B/ U REHE I
(*FmE KRR - US-PP by Quantum espresso)

20 | . La, void bands: ;
e delocalized
e
A |\

sy =TT Fe 3d bands:
* localized 2D

4

| pirrraed ™
~ As-Fe bonding bands:
5 { _ » delocalized
: A NN
AL
I X M I' Z R A Z
Wannier representationzFermiZE AL 35 TCEATFIT1 RIT A M THEDZLICER L H Do

Energy [eV]
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GGAN B Z B8

LaFeAsO, g7cF g 1, DGGAIZ K B/ RETE I
(E R E R - US-PP by Quantum espresso)

EE EICHDIREE J:U~eVJ:( 37)%)47(,.,‘

?F‘sﬁ@ﬁjﬂ“' - %@H’Ca? %@Té

T'\’\Thz*?‘é&evd'
DTHNF—ERBY. Eﬁ*ﬁFﬁ%E

Fe 3d0)7cé)%5(£/ \> K (Wannierik &) Fe 3d4k,_tV0|d state D ;& Ak
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R EELSTICEIHEEERADSS.
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FOKH: BE—ARUBY U\UERTED HEL,

(a) 0) BRrERREEE+ELE
\ o |
“ K 1 0 0
) Dﬁﬁ&
\
b
Nl \\\\\ 0 1 -1 1 0
\\\ JIE >>t, JZIEZ’??’;E
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Valence bond solid& & | +#| +<F>| |

S=1 Heisenberg model
o GS: Gap full
CDOERZRIAT SR
£ (D S=1 Heisenberg
model (AKLT model)%
EZBo

GS: singlet bond M 54
LN bd=FEIR
BREFEEHEN-#%F

NEVBSEREASL,

S=0-1 1 -1 1

elfelfee

O O @90
“S=1” = triplet of s=1/2

/

[ory ry 1y '?Valence bond
I I I I :
(singlet of two
I
| \O:\l\g:\l\oo,:\o s=1/2)
(WA VARV \/% L
Symmetrization
: S=1 spin
Ground state of S=1 Heis. chain
~ VBS "
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-

N7 HRIEDT

1R AALONRTHRYELS 11
-2RIE BART7EUARIL:1111,122
[EEIfRT B iR o = HIH] &£S=1 Heis. AF
-Enf-#F+EBEEKRFE-n[A](N)
WHRELTEFRIV—AVFA
HMEEREZLEIZ. EFESEH
HIZEDIIRILF—RFEILEN
#LC%, (— MgB,, Cuprates)
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WZN

—

L THEE R D1 ﬂ’l’ﬁ‘j“f‘n%

3R TBUKBIEEIL. EFEDL
F|Z&kBHaldane gap A
STHECH.,. EEZEZTRLY,
HaldanefBIC A% &322 kA
— )L TEBINSA—AIT.
Jsuper S1ET BDFEHIZENT,
8:1':%” B - AHaldane

J, ERIFEMEEHR

D: BHRIRILF—LE (EFT
BERHMEREFDOEN)

(M

(M

(M

=
EXLEZE PR RS < il BF

1 Mott insulator
2 - Large-D
SN :
1 oo MO
Q 0L E ) i
= Néel
=] = & |
) i z-Haldane _
| | [ R R |
0 | 2 3

Ueda, Nakano, & KK, PRB (2008).

c LGN TWAEHE THF vy I NIEEIC
F 49 5S=1 Heis. AF chain&7351Z(1%.
RT7HRVEVTIKEEDIRILF—=EF
IERENNE,

« Z_TC.WELEEINSHERIEL, —HED
ST ANRER THOILEIT/INTA—
AHBEIZ7E 5,
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‘ Automotive catalyst: its function

Fuel (HC)
Air (N,, O,)

Computer o?

Oxygen sensor

Toxic substances in exhaust gas Harmless exhaust gas

HC: hydrocarbon === QOxidation === H,O0+CO,
CO: carbon monoxide === QOxidation ===§  CO,
NO,: nitrogen oxides === Reduction s == § N,+O,
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‘ World transition of demand and prices of

noble metals

Plutinum Rhodium

Palladium

12000

(8/% ) s[elow Jo saold

10000

8000

Others
Car

(I
%

:

HWWlﬂééf

t catalyst

SR SN u

Year

VW/// ”WWW////W

[ [

igen

Intell

RRRRREE

SRR

AR

RIS
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Intelligent catalyst : self-regenerative function of Pd, Rh

& Pt Atomic level Segregated at 1-3 Restored to atomic
complex nanometers level
Intelligent o o
catalyst . 3
Precious o s
metals Perovskite Self-regeneration!

Passage of time

Precious

metals \. ° o
. (&
Conventional ® ' |
catalyst -
Dispersed on Enlargement of  Further enlargement
conventional ceramic precious metal and deterioration

H. Tanaka, et al., Catalyst Today 117, 321 (2006).
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Catalytic reaction on Pd surface
Three way catalyst Pd catalyst supported on Alumina

o CO oxidation Pd oxide film  pq
== .
CO+20*—>C02 () . —

o CH, oxidation

CH,+(1+x/2)0,—CO,+x/2H,0 Self-reforming Pd nano-particle

o NO, reduction X0 Pd nano-particle
NO,—1/2N,+x/20, - Pd oxide film
NO,—NO,+(x-y)O = o b K

: Not necessarily on Pd

. Not necessarily on PdO Segregation of Pd nano-particles on

perovskite. (Nature 418 (2002) 164.)

OxIidation and reduction processes on Pd oxide films are
keys to understand the phenomenon.
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‘Knowledge on O/noble metals

= Langmuir- = Eley-Rideal(ER)
Hinshelwood(LH) mechanism
mechanism
® A
® B
Noble metal
surface
On metal surfaces, LH occurs. OVWWCO
Oxygen does not move on surfaces. Pt

AEgr < AE|,, but ER rarely occurs.
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A PdO ftilm on a Pd(100) surtace

(\@ x+/5 )R27° super lattice structure
o Structure was determined by LEED

o Supported by the first-principles calculation by Kostelnik|[1]

[1] P. Kostelnik , et al. Surf. Sci, 601, 1574 (2007). . l‘; ‘;T)ld (N
0)

2 fold (1)

Known properties are,
Further oxidation of surface is
Inhibited after formation of
the PdO film.
PdO layer has 4-fold and 2-fold
coordinated sites of Pd.

Other references on theoretical calculation.
[2] J. Rogal, K. Reuter and M. Scheffler, Phys. Rev. Lett. 98, 046101 (2007).
[3] J. Rogal, K. Reuter and M. Scheffler, Phys. Rev. B 75, 205433 (2007).
[4] J. Rogal, K. Reuter and M. Scheffler, Phys. Rev. B 77, 155410 (2008).
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Fluxionality of O™ around O-M-O
.Q ﬁ‘% ﬁ. O" on PdO/Pd(lOO)

4-fold

Lo ﬂCDv 2-fold y ¢
o/ o .0
P Q

Extra oxygen: O~
(function group)

Similar structures are seen in
3d : Cu (Cf. Cu,0) _y
4d, 5d: Pd, Pt, Ag AE =0.45 [eV]
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‘Fluxional oxygen

Solid-state nano catalyst Designed catalytic surface

PdO on thin soft Pd layer: . Dynamical process in
reactive for CO oxidation non-equilibrium

= O-M-O structure in
homogeneous catalyst

= The structures are
expected in oxide film of
Pd, Pt, Ag, Cu

= Strategic solution for
element selection

o _ Element science and technology project:
Oxygen Is given by NO, reduction “New development of self-forming nano-
process on another surface structure. particle catalyst without precious metals.”
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Fluxional heterogeneous catalyst

Open now!  Self-reforming Pd nano-particle in an oxide

The ER scheme ~ NOy N NO, Pd nano-particle
CO+0O'—=CO W Pd oxide film
Z\Qﬁ In O" migration, both

migration on surface &
diffusion in substrate
are allowed.

Segregation of Pd nano-particles and
Oxygen-fluxionality on Pd nano-particle!

OxIidation and reduction processes on

* precious-metal-oxide films or

« transition-metal-oxide films

with an oxygen-buffering system showing activity on NO,

reduction are keys to design a new heterogeneous catalyst.
(K.Kusakabe&H.Kizaki:Japan patent submitted #2009-204665)
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Wz A &t

Oxides Semiconductor Quantum
' Field theory

Zx

Standard theory of quantum field theory
Gauge fixing, Quantum gravity

Theory of  Time-dependent
Phase transition  Current DFT

Quantum mechanics
Dynamical functions in devices of many-body systems
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BRASEET DMK

= Transition in orbital order = transition in n(r).

150———7—7——7— 71711 T
This work ® B ‘é
o

Tc, Tn (K)

YTiO3 x La’ll‘i03
Magnetic phase diagram of
La, Y, TiO;

Okimoto, et al. PRB (1995).




EEABIEELK

= Au, Ag, Cu (normal at mK) then C (at 300K).

J Supercond Nov Magn (2011) 24: 401405
DOI 10.1007/s10948-010-0947-x

Superconducting Behavior of Interfaces in Graphite: Transport
Measurements of Micro-constrictions

Anti-Bonding band

>~

S. Dusari - J. Barzola-Quiquia - P. Esquinazi Asy(x)

o 287

I Super pair-hopping! I /_:§7

Axy)

Bonding band




HEILIMNOZOREF

= Graphene & FeSe: Dirac electrons.

Dirac point
(a) ® (electron pocket)

1
0.5
0
-0.5
-1
-1.5

1 1
[ (]
WG wmT

—
wn
T TRN A T T 1

Kohn Sham orbital energy [eV]

Vanishing backward scattering!

Y. Kobayashi, et al. Phys. Rev. B 73,
125415 (2006).




TR I

= Phonon glass electron crystal (PGEC)

(1005 USKIL)

-4
£R12 1 A
20x10'q BB 1600 . T
it S, . KA R
ﬁ(. 15%10° §4 ’3 1200+= | RALE S
! 1 == K RE (K
% & USA Eu @@ BE ,f,';}' - KA RELE)
N oxiotd o 800 NN AR5
il £ T 04
1N | & A I
o E3
= 50x10°4 X
H

0
2000 2010 2020 2030 2040 2050 2100

1980 2000 2020 2040
maE /% fafE / 4
TN —DOHHEE L VLBEER LN HREEDO = RN X—BFEOHFRE (FX) BLW
R —AIHICRBIT AL OFEOEE (BX).,




KRS HRER - R E

= Quantum jump!!

Structures of the m-trimer
Cf. Cho, et al. JACS (2003).

Environment

‘ @ : classical

Initial

condition for _
environment ,‘ Local dipole-

al particles is O dipole interaction

given apriory.
Series of observation:;

Stochastic process by v, (t)




EE S

= Tube cutter

W adsorption on twisted (5,0) tube
1123|456 7|89 101112
K|{Ca|Sc|Ti|V |Cr|{Mn|Fe|Co|Ni|Cu|Zn
Rb|Sr| Y |Zr |[Nb|[Mo|Tc|Ru|Rh|Pd|Ag|Cd
Cs | Ba Hf | Ta| W | Re |Os| Ir | Pt | Au|Hg

Bond breaking No bond breaking




SRR

= Perovskite catalyst = fluxionality.

Ty
o

Vi ™ P
20'\‘.-.—’; P
>, LAY

4 !‘p Fa:] 6, -6 vy The LH scheme
/.~ 4 ) -“\-. L Y bl
4 oy NOy) N2 NOX

The ER scheme
CO+0O"— CO,

K.K. & H.Kizaki: Japan patent submitted : JP 2009-204665.




