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Outline

1. Introduction of VMC and mVMC
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3. mVMC analysis of doped Hubbard model
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REEDVMC v.s. nVMC
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Recent Applications of mVMC [2009-]

1. lron-based SC: [misawa,nakamura,miyake,hirayama,imadal]
LaFeAsO,LaFePO,BaFe,As,,FeTe,FeSe
2. Doped Hubbard model: [misawa,imada]
Origin of SC in doped Hubbard model — this talk
3. Organic conductors: [shinaoka,misawa,nakamura,imada]
K-(BEDT-TTF),Cu(NCS),
4. Kondo lattice model: [misawa,yoshitake,motome]
CO around Y4 filling
5. Frustrated Kondo model: [nakamikawa,yamaiji,udagawa,motome]
Partial Kondo singlet phase in triangular lattice
6. Spin liquids: [morita, kaneko, imada]
J,-J, Heisenberg model [P8], frustrated Hubbard model
/. Topological insulators: [yamaji, kurita, imada]
Kane-Mele-Hubbard model, Topological Mott ins., Kitaev model

8. Electron-phonon coupling system [ohgoe, imada]



Benchmark for Hubbard model

H = Z tz'j (C,}LJCJ'J + HC) + UZniTnu

1,7,0 g

Ref. TM and M. Imada, Phys. Rev. B 90, 115137 (2014)



Benchmark: Energy & S(gq)

Spin structure factors

2D Hubbard model S(q) = — S8, 8yl
3N; L
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Energy  Present study
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AF-QMC: Furukawa-Imada, JPSJ (1992)

VMC: High-precision estimation of physical properties !



Benchmark BIFZIHB{cEFHRE] GBMC: Aimi-Imada (2007)
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Further improvement of mVMC: power Lanczos
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Further improvement of mVMC: power Lanczos
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Analysis of doped Hubbard model

H = Z tij (C,]L-LUC]'J —+ HC) -= UzniTnz’l
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Ref. TM and M. Imada, Phys. Rev. B 90, 115137 (2014)



Previous studies on the Hubbard model

Authors [Method)| T. Uuj/t SC AF PS AFE
Present study [mVMC] -(GS) 412 4§<02° §<0.18 §<0.19° ~ 0.004¢
N. Furukawa and M. Imada (1992) [10] [QMC]| -(GS) 4 No SC No AF NoPS -

S. Watanabe and M. Imada (2004) [13] [PIRG]* -(GS) 4 No SC No AF NoPS -

T. Aimi and M. Imada (2007) [14] [GBMC] -(GS) 4-6 No SC No AF - -

T. A. Maier et al.(2004)[15| [DCA] ~0.02t 4 a~01 - - -

E. Khatami et al.(2010) [16] [DCA] ~002t 8 <02 - QCP at 6 ~ 0.9 -

M. Capone and G. Kotliar (2006) [17] [CDMFT] -(GS) 4-16 4<0.15% §<0.15 0.05<4d <0.15° ~ 0.01¢f
M. Aichhorn et al.(2007) [18] [VCA] ¢ -(GS) 412 4§<02F §<0.15 0.05<4<0.15°

E. Gull et al.(2012) [19] [DCA] ~0.016t 4-6.5 4§ <0.15 - - ~ 0.01t
G. Sordi et al.(2012) [20] [CDMFT)] ~0.02t 52624 <0.08"- 0.04 <4 <0.06"

T. Giamarchi and C. Lhuillier (1991) [21] [VMC]| -(GS) 10 <04 602" - -

H. Yokoyama et al.(2004,2012) [22, 23] [VMC] -(GS) 030 402" <015 601 ~ 0.01t
D. Eichenberger and D. Baeriswyl (2009) [24] [VMC] - (GS) 6 <02 6017- ~ 0.01¢
E. Neuscamman et al.(2012) [25] [VMCJ® -(GS) 4 - - o < 0.157 -

S. Zhang et al.(1997) [26] [CPMC]? -(GS) 28 No SC - - -

C. -C. Chang et al.(2008,2010) [27, 28] [CPMC]" -(GS) 212 - §<01* §<0.1° -

S. Sorella (2011) [29] [VMC]* -(GS) 4 - - No PS -

L. F. Tocchio et al. (2013) [30] [VMC] -(GS) 6 - - No PS -
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mVMC Results: U/r=10
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mVMC Results: U/r=10
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Effects of intersite interactions

2D Hubbard model + intersite interactions (V' & J)
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Effects of V:U/=10, V/r=1 cf.D. Senechal et al. PRB(2012),

E. Plekhanov ef al. PRL (2003)

YAMEMEEER (V) TR BEZHIH

B U/=10,V/=0
SHBIZEMNFIX)EL ! e

[k sEE =
0.08 : : - 0.08
AF | J 1B 5> Bt pE s
r 14x14 o .
0.06 :16x16: =E : ’ 006
»n U. - = 20x20 X 1 VX Zf_ 10.
< ol SRt ol
N < ' /e 16x16 Q
§ 0.04 : 1o ~-20x20110.04 %
Q 0.2 0.3 *N
S SC
D .02 w1t | (o
- 20x20
)-
0.00 - : - - 0.00
0.0 0.1 0.2 0.3

i
]
B
VK
L
=7
Y
I
Juf
S,
Wit
it
HE
(1
>t
ik
"\
o
pil



Effects of J&V:U/t=10, J/t=0.5
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Summary
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Outlook
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(cf. R RBIZEAR DN TM and M. Imada, arXiv:1409.6536 )
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