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1. Competing Orders
Stripes and d-wave superconductivity in Hubbard
studied by the state of the art numerical methods

2. ab initio Hamiltonian for cuprate superconductors
(HgBa,CuO,) and its solution

3. New concept & mechanism emerging from numerics
Emergent fermions; dark fermion theory
cDMFT and machine learning of ARPES

4. Summary and outlook



Charge Inhomogenelty vs. superconductivity
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Variational Monte Carlo Tahara, Ml
JPSJ 77 (2008), 114701
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f; - pair-dependent variational parameter

optimization of 1000-10000 variables to overcome bias

Represent strong entanglement in the real space representation



Various Correlation Factors and
} . Tahara, Ml
Quantum Number Projection IPSJ 77 (2008) 114701
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Phase separation and SC
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PS (inhomogeneity) is universally
unavoidable for strong coupling SC



If long-period stripe is allowed:

severe competition of
dSC and stripes

U/t=10 Hubbard 6~0.11
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VMC+ tensor network+ Lanczos with variance extrapolation:
Phase diagram of Hubbard

VMC, FTTN, Lanczos U/t=10 Darmawan, Yamaji, Nomura, Imada
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Outline

2. ab initio Hamiltonian for cuprate superconductors
(HgBa,CuO,) and its solution



Basic Scheme of MACE
(multi-scale ab initio scheme for correlated electrons)

1. Global electronic
structure by DFT,

far from Fermi level . _ %‘:
tens eV ' - T 0 or~d
T E—rered\ oW |
. constrained RPA = §
2. downfolding (1) Screened Coulomb interaction \ -
(2) Self-energy l
Low-energy effective | i
Hamiltonian 1/10-1/100 eV "Ll't'arget band”
3. Low-energy solver remove double counting
variational Monte Carlo (VMC), by L DA+CRPA — cGW

path-integral renormalization group (PIRG),
(cluster) dynamical mean-field theory (DMFT),



1st-principles effective Hamiltonian for curates
Laz—,Sr,Cu0Os  Hirayama et al. Aryasetiawan et al. PRB 2004

arxiv:1708.07498 MACE scheme for ab initio hamiltonian

ﬁi"fﬂmﬂ“
‘e.+ HgBa,CuO, improved cGW-SIC method
. La,CuO, 2po level feedback to
<2 1band (<) sausly
/ e W 2 hano (X2_y2’ 322_r2) Gw — ''vMC N
@ La/SreCu@ 0 U/t 76
3band (x%-y%,2p,)
Hamiltonians ak an
t=0.51 2 -

HgBa,CuO, 1-band Hamiltonian gy

One-body tq to ts tyq ts ~
parameters (eV) 0.509 -0.127 0.077 -0.018 -0.004 o—
Two-body U W Vo Vs W U=3.85 V=0.83 py

parameters (eV) 3.846 0.834 0.460 0.318 0.271




VMC+FTTN+LCZS for ab initio Hamiltonian of HgBa,CuO,

fully ab initio results with long-ranged transfer and interaction

Uniform SC state Is stabilized for ab intio case

V, partially cancels V,

experiments: 0.09<6<0.12, 9~0.25
W. Tabis, Y. Li, M. L. Tacon,

et al., Nat. Commun. 5, 5875 (2014).
G. Campi, A. Bianconi, et al.

S. M. Kazakoy, et al., Nature 525,
359 (2015).
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3. New concept & mechanism emerging from numerics
Emergent fermions; dark fermion theory
cDMFT and machine learning of ARPES



Introduction

How did the BCS el-ph mechanism become convincing?
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High resolution ARPES data for cuprates Kondo et al.
Pb McMillan-Rowell Nature 457, 296 (2009)
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1965, 1969 ARPES data Nat. Phys. 5, 21 (2010)
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Green’s function and self-energy in Nambu representation

D— g 3o _yhano -1 Nambu
G = K representation

D o+ +2" .

G(K, w) = [a)+,u &~ (2" (k, @) +W (k, a)))]
ano 2
Wik o) - 5 (K, o)

w—pu+e +2"(K,~w)
A(k,m)=Im G(k,»)
Re X Is given from Im X through K.K. transformation

AK,0) < ﬂ({lm > (K, @), Im Za”"(k,a))})

A(k,m) Is functional of Im X"°"(k,m) and Im Xa"°(k, )
Experimentally, only A(k,®) Is known

How to estimate (infer) Inverse problem

Im Z"°"(k,m) and Im X2"°(k,w) separately? = machine learning



Akkw) =A/2<o<Al2 Boltzmann Machine Representation

dividing up into grids with block function fit
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Normal and anomalous self-energies; peaks and cancellation

optimal Bi2212

underdoped Bi2201 prominent peaks in X"°" and xan°
at =45 meV(OP)

+55 meV (UD)
secondary weak peaks at
+130meV (OP), =160 meV (UD)

Cancellation of X"°r and

W |n Ztot: ZI’IOI’ + W

The reason why overlooked
In experiments for decades

Agreement with
dark fermion theory

3

existence Pf Sakai et al. PRL
dark fermion 116, 057003 (2016)



Peaks are the origin of SC

ReX™ (K, w =0) o« ReA(k,w =0)
, SC gap

truncated K.K. transform
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90% of Re X2"°(®=0) Is
from the first negative peaks
In Im Z3"°(®)

Cutting the first peaks
leads to the disappearance of SC
and to a good normal metal

Iz(Q)E

QP width ~ exp. resolution 10 meV



Why ML teaches us cancellation? Black box?
We are led to physical intuition

large SC gap
around =0 in A(k,w)

prominent peak
structure In Im Zano
at |@| > gap

No prominent structure ~Cancellation of
in A(k,w) at |@ |> gap normal and anomalous
constribution in A(Kk,w)

guantum coherence Peak must be
only at |@ |< o* In the region
@ |< @*



Pole cancellation between X"°r and >an° Sakai et al.

in CODMFT of Hubbard Phys. Rev. Lett.
optim_al dt_:nping 116 (2016) 057003
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How is the cancellation understood?

As far as we know, the only way Is the dark fermion (two-component)
theory.

What is TCFM (two-component fermion model — dark fermion model) ?

H = > [&.(K)c, 6, + A (6, dy, +H.c) +5,(k)d,,"d,,]

k

L (w-s, -A - j o T>Tc|
G=(w-H)"=|"_ CDMFT J\J\A
— 0 — &, _
Sakai et al. 0 e
Gc = . nor A i o o "f- |
(0-&,(K)-X™(k,w)  Z""(k,w)=—"= I, Imizner ¥
w—E&, NIRRT C% 05 1 15
hybridization gap = pseudogap of RVB

Yang, Rice, Zhang (2006)
Konig, Rice, Tsvelik (2006)
for two-leg laddres



How to understand the cancellation; ~ Sakai etal.Phys. Rev. Lett.
Dark fermion theory 116 (2016) 057003

Two- component fermion model at T<T, d; dark fermion
H = Z[g (K)e,.'c,.. +A, (¢, 'd_ +H. c)+gd (k)d, "

Nambu representatlon

[ +(ACCKG Cka +Addk0' dka + HC)]}

2 4x4 matrix
2 (k,0) =GyA,” = : N Gk, @) =[0+u—6 - (K@) -W(K )]
(CO—E )— d ano 2
| @+ &, W (k, @) = 2 (;’i)r)(k )*
) O—U+&E +Z, ,—@
> K, @) =A, +G,A,°=A_ + ACAq (@ gdz) .
(0—¢)— Ay°  The residue of W
For T>T.,poleatw=g; °° (w+¢&,) has the same amplitude
generates pseudogap with that of Zan°
Bosonic excitations such as but with the opposite sign
spin fluctuations would not =The poles cancel in

cause the cancellation. 2nor+\W smoking gun



Emergent hybridization as the universal origin of gap generation

Hybridization gap of TCFM is the universal origin of gap formation
H= > [e(k)c, ¢, +¢&'(K)d,,."d,. +A(K)(c, dy,. +hc)]

koo

(1) fermion symmetry breaking ex, AF, CO d, = C0
c'cd’d = <d*c> c'd
CO, AF, BCS-SC, QCD mass (Nambu-Jona-Lasinio)
(2) bose condensation

CTd (b I bT) — CTd (<b> i <bT>) Nambu-Goldstone
weak interaction (W-, Z-boson condensation), Higgs mechanism
QCD gluon condensation

They require always spontaneous symmetry breaking.
How about the pseudogap and Mott gap

where apparent SSB Is absent?

=ML and cDMFT tell us electron fractionalization into
¢ and dark fermion d without SSB



Zhu, Zhu PRB 87, 085120 (2013)
Sakai et al. PRB 94, 115130 (2016
t_)o atomic ||m|t, exact Imada, Suzuki arXiv:1804.05301

How about Mott gap?

_ T T
H = UcT C.C, C,

)
‘ tupper Hubbard
11 1 1 1 iu ? U G pole
G:§Z+E—a)—u <:>G:—a)_2, zz_u U G sero0
a)_i
2
0 G pole
lower Hubbard  upper Hubbard t lower Hubbard

~

d =c_(1-2n ) » Hicew = D [6:6,C, +¢&.d."d, +A(,"d, +hc)]
C,=C_

LTHTTATS
d : Mott gap fermion no symmetry breaking

exact fractionalization

mapping between single-component interacting system (Hubbard)
and two-component noninteracting system (TCFM)



Electron fractionalization in Mott insulator

Emergent Mott gap fermion

When t/U 1S nonzero,

Mottgap fermion § —¢ (1-n_)-c n

O —O

IS Interpreted as a fermion

extracted from an anuresonant state o1 JHB and LHB, namely

doublon-holon bound state (exciton) in the insulator
Cln_a upper Hubbard creation (doublon generation)

C:; (1—n__) lower Hubbard creation (singlon generation)

“cradle” of
Mott gap
fermion

exclton

§ O
I

oF /)

=)

t/U

RVB
singlet

singlet-exciton

@I @ resonant state

o P

ﬁ Imada, Suzuki

arXiv:1804.05301



Bose-Einstein condensation of excitons (b(k),") = (b(k), )
U

)

exciton dynamics @ -
- . O
exciton creation Jﬂ i+ @ @

case of nonzerot

T T
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H, = gZ(me +Db; 5)+ Z Eps 5 (KD D 5 + Z Vo (0, J,0,8)Ny; 5Ny s
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k,5,5' i,j,0,0
. symmetry breaking field, { < ¢ ] Hubbard model 8x 8 t=1=0T=0
v % d J = <% yacuum fluctuation 1003 /
] UL

Frenkel-type exciton =
BEC (trivial condensation) | .-

0.017
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Carrier doping generates several excitonic bound states
Wannier exciton Imada, Suzuki
arXiv:1804.05301

d | Xaan
\&
Frenkel exciton ﬁ
{

[l
dark fermion +hole

tz asd’ ;G b s +H.com=—> tZdTmackG <bj,5>+ H.c.
o

dT
hybridization gap ~ t%/U

Mott gap fermion

C

b
bistability/fractionalization between dark fermion and electron

= charge inhomogeneity & phase separation



Summary
1. ab intio results support dominant uniform dSC < Hubbard

2. Boltzmann machine and cDMFT; completely different approaches
give consistent self-energy structure;
% anomalous peaks, dominating the SC
% cancellation of Xn°r and X'an° contributions



Summary

3. supports dark fermion and 2-component hybridization mechanism
resulting in

% peak cancellation on the self-energies &

% gap generation without spontaneous symmetry breaking inTCFM

H = Z[gc (k)cko-TCka +A, (CkaTdko- +H.c.) +¢&, (k)dko-TdkO'
K
+(Ac.'c.'+A,d "d, "+ H.c)]

4. origin of cuprate pseudogap and superconductivity
% Interpreted from electron fractionalization in Mott insulator,

giving associated Frenkel excitons and Mott gap fermions
% Possible further fractionalization in the doped Mott insulator

whose hot bed I1s Wannier excitons
Dark fermions arising from Wannier excitons

boost up SC and generates pseudogap
= experimental detection
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