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2 High T: metallic
(tetragonal)

Low T: insulating
(monoclinic)
LDA: metallic
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oA Big-System
N Construction P
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-5atomg  Finished: SRR
_383au° LaFeAsO “Finished: me—"

-8atoms  Na,AlSi,0,, I Mished:

. [
PO .
® . ‘/. - A

-961lau® .44 atoms k-(BEDT-TTF)Cu,CN;
- 4726 aud - 118 atoms —-A0Q02
- 11003 au? TAPP
ONGOING: =4 (KH)
EtMe,Sb[Pd(dmit),],
- 228 atoms
- 22411 au?d
- 125 k-points #ﬁi’l]'zﬁl] %’l’%

- 1500-2000 bands ]
- 150,000 plane waves /\a)yﬁiﬁ
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k, (2n/c)

1 2 . 0 1
ky (n/a) k, (n/a)

3D volume k. 2D area m™ /me my/me m” /my
3.9 r 3.9 3.8 1.3 2.9

Z 3.8 2.5 1.2 2.1
6.0 I 1.0 2.6 0.9 2.9
Z 16.3 3.9 2.3 1.7
5.3 X 5.3 2.8 0.71 3.9
3.4 X 3.0 2.0 0.93 2.1
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Limitation of Conventional Methods

DFT; LDA, LSDA, GGA,

Underestimate of gap
Ignorance of fluctuations
Overestimate of ordering

o (U8 b

[—

Density of States (1/eV)

Hartree-Fock, LDA+U

-8 6 -4 -2 0 2 4 6

Overestimate of gap Energy (V)
Overestimate of Ordering, Ignorance of fluctuations

Target;
Correlated metals and correlated insulators

Few bands are i1solated near the Fermi level
I T AT 2
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Aryasetiawan, Imada, Kotliar, Georges, Lichtenstein 2004
Imal, Solovyev, Imada 2004, 2005
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P: ZZILSLANILDD
BNT-BFICLD0E

" 1-PV
FTILSLAN LD LEENT=BFIZL-T

F. Aryasetiawan, M. Imada, E@ehi-7—OHHEBEEFE

A. Georges, G. Kotliar,

S. Biermann, and Wr (C() — O) = U = ﬁ;&”ﬁﬂ

A.l.Lichtenstein
Phys. Rev. B 70 (2004) 195104 10



Justification of constrained RPA

W = v Normal condition to be satisfied by RPA

" 1-PV PV K1; perturbative treatment
Present case | y |
PV[>1 | ..... |  \irtualr)
P.=-GGITI, -GG . I e _F;':gé%:(‘m.:

vertex correction
+ ... small parameter |[Oceupied (r;)

G W) (W),

self-energy O A

\—7_'“J D AFHIEDHIHY




%ﬂﬁb\é 'E E( Miyake, Aryasetiawan, Imada
Phys. Rev. B 80 (2009) 155134
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Dimensional downfolding

r b _
+?i>£a) a |( ) ¢’ Nakamura, Yoshimoto, Nohara, Imada
r X 2r :
\‘./i . i.
—P—;—P— r, 2
(c) r% (d)
/% ERTRWEEDY > 2
A e Rl - REANDIGH
0 % (b) 4 =
_ 40 8 | E3L.I'u,(c) :T}T
5 80 % 20 Logs. —
i A A ""“*IKEHE | \";":l“ 1; 048 ?11;162'[!.
120 ﬁ [_-} X o -::_ M‘.

160 0 01 02 0304 0.5 0 24 6 8101214

040 80120 160 946l (au) r (Angstrom)



Effective Hamiltonian:; Lattice Fermion Model

Wannier basis; maximally localized

1
_ 1 T Nt
H _ngnc knCkn +§ Z C InCIn'Unn',mm'(I’I )C mCrrm:
kn

I.I'nm,n'm'

Een Uiniem s downfolding

U . — U; on-site intraorbital

K: on-site interorbital
J; exchange
V :intersite Coulomb

o I 21T~



high-energy region
global structure by DFT

(LDA-G\Aﬂ =
(1) Screening of Coulomb

(2) self-energy | CLDA

low-energy model

Low-Energy Solver

Improved variational Monte Carlo (VMC)
Path-integral renormalization group (PIRG)

Gaussian-basis Monte Carlo (GBMC)
Cluster extension of dynamical mean-field theory (cDMFT)




State of the art by improved VMC Tahara, Imada
Variational form with many parameters jpsj 77 (2008)

¢> — 73Jde-h?DGr ﬁS—O ‘épair)

nalr wavefunction Gros et al.

N/2
hmw{ZmLH 0)
t,]

f;; - site-dependent variational parameter

# of variational parameters scales with N, | {T55+ES
system size ~ 100- 1000 — AO:

WIH|Y) o (O H|Be) (dslv)y ilw)|?
Wy 2wy =B

(H) =




Optimization of many variational parameters
Stably optimize more than 1000 parameters

Eot~r = Ea + Z 9K Vk -|- Z heviye + O(7)

k=1 22 ki=1
0 0
e — ) hi, = E k.4=1,.--,
gk 30% Qs k¥ 8ak8ag (8 / ( p)
Normal optimization by Hessian
! oy _ P _ — _
O = % T Te=— 2 hgige (3=-h"'g)
(=1
stochastic reconfiguration . .
Aform = [Patry) — 1Pa)l? z Yeve(PralPea) = Y. VkVeSke
N— —1 = L3 Ay
o= ALY Sig'ae SHESHI S & DS 2

(=1



Accuracy of improved VMC Tahara & M

Energy Spectrum (ED)

Benchmark (2008)
doped Mott insulator 1D Hubbard model
short-range correlation l oo gt
and fluctuations 3| %4 Total Momentum
2D Hubbard 6X6~10X 10 b | e oL
2.5 O . . . . Ll -
20F | _ _ _ 55 g oot
— AFQMC (Furukawa,& Imada) —>— = o0 —o«>—3i
2151 ° VMC (L=8) —=q  “7If oo
c% BEY VMC (L = 10) I—O—|_ ot —o-o—gi%‘rx(fi%o_
~ 1.0 —0-0— 4+—0— 4"‘:8:8: Bi =
o3 —Sr %%iﬁgi% 1
0.5} ® ~ | . IR - o
o ®o A900—0-@h O? _0_0_4_—0-0—0_
0001 02 - 03 04 05 SRR NN

0



Application to Real Materials

% Iron-based superconductor

LaFePO, LaFeAsO, BaFe,As,, LiFeAs, FeSe, FeTe
Interplay of correlation and orbital physics
% organic conductors
0-(ET),CsZn(SCN), , k-(ET),Cu(NCS), , x-(ET),Cu,(CN),
Mott transition, spin liquid, superconductivity
% semiconductors excitonic effect
GaAs, LIF
% transition metal oxides
Sr,VO, ,YVO, spin-orbital order
VO,, SrVO;,
% zeolite (Na,)3*(SiO,);(AlO,),, (K,)3**(SiO,),(AlO,),



[ron-Based Superconductors

Multi-Orbital and Correlated Electron Physics

Nakamura, Miyake, Arita, Misawa



New superconductor LnFeAs(O, F,)

Kamihara et al,

JACS 130, 3296 (2008) Ln=La Pr Sm
150} o ® T,omh
©  Tmin
4 & Tonset
® 100} . LK
2
o _
Q Antiferro- “ %
£ 50Fmagnetic
= metal N
a N
T.~26K-55K . 4 ~SC 7
0.00 0.05 0.10

Kamihara et al, JACS 130, 3296 (2008) F~ content (atomic fraction)

Ren et al. Chin. Phys. Lett. 25 (2008) 2215 AN Y



LaFePO LaFeAs()

Global band structure

1111: LaFePO, LaFeAsO
122: BaFe,As,

111: LiFeAs

11: FeSe, FeTe

Similar 2 @2\
Fe 3d 0 ':: L
Bands al

LiFeAs
- 2 -

Bandwidth > ] \/ .

~45¢eV VY47 Va
Variety ‘ TR

family dependence
Miyake, Nakamura, Arita, Imada ~

JPSJ 79 (2010) 044705

' XM1ZRA Z 1+ XMT1ZRA Z 1 XM1ZRA Z



Diversity and strong family dependence:

What should we understand?
No AF order in LaFePO

Small AF ordered moment ( 0.36u; for LaFeAsO)
cf. LSDA overestimate the order (~2u5)

vs. large moment (2.25 ug for FeTe)

Variation of AF ordered pattern (m,0) stripe in LaFeAsO
vs. (/2, =/2) bicolinear in FeTe

SC close to AFM g’ﬁ@ﬁgﬁﬁﬂ'ﬁ tﬂ‘ﬁg

mechanism of high T, Role of electron correlation

Variation of T, Bad metallic behavior

small Drude weight
Symmetry of SC order parameter yeimer et al. Timusk et al.

Comparison to the cuprates Chenetal.
Unconventional T,



Systematic change in covalency

h parameter A > Prza
_ " @

| aFePO 1.14
LaFeAsO 1.32
Ba:e28e2 136

FeSe o
sk 1.77

| aFeAsO




Systematic dependence of U on Covalency

Miyake, Nakamura, Arita, Imada
JPSJ 79 (2010) 044705

d model dp/dpp model
U V) (V) U/o UeV) @ (V) U/o
LabFePO 2.47 14.15 0.174 4.13 18,96 0.218
LabFeAsO e 14.85 ) o | 428 19.46 0.217
Balbe- Asq 2. 80 15.59 0. 150 5.24 20 38 257
LiFeAs 45 15 .82 0.199 5.04 20 .35 . 202
FeSe 4. 24 17.53 0,242 21 21.37 0.337
. FeTle 3.41 16,59 0,202 6.25 20,90 0,209
U /t:d model dp model
| aFePO g 20 efficient screening
Fele 11 26 correlation
FeSe 14 30

small covalency



i Aichhorn, Biermann, Miyake, Georges
COrrelathn effeCt and Imada: PRB 82 (2010) 064504

non- Ferml Ilqwd
FeSe LHB % R

2 | — w=140eV 2
g @ Room_Temp. %
£ D 5
= S
2 :
g E
o
— hv=1100eV
@ ISE L
|||||||||||||||||||||||||||||||||||||||||||||||||| _10 _8 _6 _4 _2 0
10 8 0 4 2 Eg Energy relative to Ep (ev)
Binding energy (eV)
Yoshida et al. Malaeb et al. JPSJ 2008
JPSJ, 2009

see also ARPES by Tamai et al. (2009)



L ower Hubbard band of FeSe

1 2 T I T T [ _'I

| _Peakpog,ofLHB_ Aichhorn, Biermann, Miyake,
Georges and Imada:

PRB 82 (2010) 064504

-[— LDA
1oLl— DMFT

1 | l
4.5

P
5.5

, O =

I
5
u

[ T I
2 — LDA 7
: — DMFT |

o /eV
| [ |

' | /_/

i 0 2 4 /

w/eV 7=




Multi-Variable VVariational
Monte Carlo Results

LaFeAsO 3

: ' FeT

Stripe AFclose to QCP _ | 3 o
/M BaFe2As2 X
=2 F

small ordered moment = | LaFeasO

Orbital fluctuating AF &7 |

_ o “‘g’ LaFePO
Material sensitive change - ¢
Strong correlation 06— |
. \ 08 1 1.2
sandwitched by Y Misawa.
weakly correlated metal (A<0.5) and Nakamura,

orbital differentiated Mott insulator (A>1.0) '™e
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