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are the new elementary excitations

c = E.n
! |
no more new elementary
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Given the Hamiltonian H
H = Hlop] ¢: bare particles

and composite operators y = y[¢],
the current J reads as

J:iaatu/: [y, Hl=¢ey+0oJ

where, after ({6J, y"}) =0

e=ml™" energy matrix

m=({Jy'})

I={{y, y'}) norm matrix
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Hubbard Model Spin and charge
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The basis: v, = ;"‘ where n, =(n,s)and —tp, = ijtnu
u
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n

The approximation: §J, 0=, =0
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The bosons: B=n,s, A
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The bosons: B~ n, s The fermions: F =& ,n

Self-consistency Cycle

Golto, Do, po]

|

Adolfo Avella (Univel i Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation

Hubbard Model Spin and charge
oe SCBA approximation
The SCBA approximation:
0J=BF =% = <<BF|FTBT>>irr ~ <<B|BT>> <<F|FT>>
The bosons: B~ n, s The fermions: F =& ,n

Self-consistency Cycle

Golto, Ao, Po]

Bolac,, as ]

D Hl

Adolfo Avella (Univel i Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation
Hubbard Model Spin and charge

oe SCBA approximation

The SCBA approximation:
8J=BF =¥ =((BF|F'B")). = ((B|B"))((F|F"))
The bosons: B=n, s The fermions: F =¢&,n

Self-consistency Cycle

Golto, Ao, Po]

Bolac,o, asp]

Adolfo Avella (Univel i Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation
Hubbard Model Spin and charge

oe SCBA approximation

The SCBA approximation:
8J=BF =¥ =((BF|F'B")). = ((B|B"))((F|F"))
The bosons: B=n, s The fermions: F =¢&,n

Self-consistency Cycle

Golto, Ao, Po]

Bolac,o, asp]

[Gn-H [.un-H AV o IR Zn]}

Adolfo Avella (Univer Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation
Hubbard Model Spin and charge

oe SCBA approximation

The SCBA approximation:
0J=BF =Y = <<BF|F*B*>>irr ~ ((BIB")) ((F|F"))

The bosons: B=n, s The fermions: F =¢&,n

Self-consistency Cycle

Golto, Ao, Po]

BO[aC,O) as,O] [Bn+1 [ac,n+1 ) asn+1]]

[Gn+1 [Unt1, Dngi1s Pryts Zn)

Adolfo Avella (Uni Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation
Hubbard Model Spin and charge

oe SCBA approximation

The SCBA approximation:
0J=BF =Y = <<BF|F*B*>>irr ~ ((BIB")) ((F|F"))

The bosons: B=n, s The fermions: F =¢&,n

Self-consistency Cycle

Golto, Ao, Po]

n=n-+1

BO[aC,O) as,O] [Bn+1 [ac7n+1 ) as,n+1 U

[Gn+1 [Unt1, Dngi1s Pryts Zn)

Adolfo Avella (Uni Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



2-pole approximation
Hubbard Model Spin and charge

oe SCBA approximation

The SCBA approximation:
0J=BF =Y = <<BF|F*B*>>irr ~ ((BIB")) ((F|F"))

The bosons: B=n, s The fermions: F =¢&,n

Self-consistency Cycle

Golto, Ao, Po]

n=n-+1

BO[aC,O) 3570] [Bn+1 [ac7n+1 ) as,n+1 U

[Gn+1 [Unt1, Dngi1s Pryts Zn)

Adolfo Avella (Uni Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments
®0 COM results

Outline

Q Cuprates
@ Experiments

Adolfo Avella (Universita di Salel erdoped cuprates phel i odel within COM(SCBA)



Cuprates Experiments

COM results

e Cu
00
QLa/Sr

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments

oe COM results

& T

300l  Nd, Ce CuO,

T ™ T T ™ T

La, Sr CuO,

% 200 | i “Normal” |
0]

5 Metal

g

3

£ 100} . g
=

O F 1
0.3 0.2 0.1 0.0 0.1 0.2 0.3
Dopant Concentration x

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments

oe COM results

0,0) (m.0)

=== Slightly Overdoped-T =85K /
Underdoped-T¢~67K  /

/ Bi2212  (a)
0,m) (m, )

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments
oe

Adolfo Avella (Universita di Salerno, ltaly) erdoped cuprates phel i odel within COM(SCBA)



Cuprates Experiments
oce COM results

La, Sry,CuO,
T=30K

] ] ] i I ] ]
60 -40 -20 0 20 40 60
Energy relative to E¢ (eV)

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Experiments
oe COM results

Cuprates

250
k=(r,0)
--4-- ARPES
200r

S

Q

E -.

Crsof ~ |

3 b

100 ‘

o

e \

=y

v

" S 3
0.00
a b -
( )I | 1 1 0 l( ) 1 | 1 |§. 1 ?
04 0.2 0 0 0.1 02 03

Binding energy (eV) Hole doping x

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments

oe COM results

0.0

\.‘: (@ LSCO (b) Bi2212

-100+ =
- d
5 | oo o 06 o ol
=) ® 022 3 e 021 ° 024
Z200k ! 14 I |l I e
b0 0.0 T - :
5 \‘ L (LSCO [ty () Bi2212 ) |,
3 8=0.16 I i

e 20K A

50K A T
e 130K fs |
-100- ‘ I Ar |2
30 i
[e
= Lo
=200 b | 10 Al I I
0 100 03
(k-kg) Doping ()

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments

oe COM results

(0,0) (m.0)
w— Slightly Ovcrdopc(l-'l’c=85K/
Underdoped-T.~67K  /

300 Nd, Ce CuO, La, Sr CuO,

“Normal”

2
5 200
g Metal
£ %
£ 100 %
= AF AR
| i | / Bl W
0
03 02 0.1 0.0 0.1 02 03
Dopant Concentration x (0,) (r, 7
k=(r.0) 20 k=(1.0) VR @Lsco CESIE N
T=30K
x= -4 ARPES
a0 100
lozz| ¢ | 1]
S1s0r ~ [
\015| & “- :
> y @1LSCO
‘ \%&S_ Sl
5
La 4570, Cu0, N\ -
T=30K [ 003]  so-
1 1 Il 1 I 0.00 *
Bl b 4
60 40 20 0 20 40 60 LA PN o 0,
Energy relative to £ (eV) " Binding energy (¢) Hole doping x

Adolfo Avella (Universita di Salel erdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments
000 COM results

Outline

Q Cuprates

@ COM results

Adolfo Avella (Universita di Salel erdoped cuprates phel i odel within COM(SCBA)



Cuprates Experiments
0®0 COM results

3n/8 n/2 51/8 3n/4  Tn/8

k

X

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments

Y Yo} COM results

7n/8

3n/4

5n/8

7 /2

3n/8

n/4

n/8

0 n/8 n/4 3n/8 n/2 57/8 3n/4  Tn/8 n
k

X

Adolfo Avella (Universita di Salel erdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Experiments
Y Yo} COM results

Cuprates

Ak,»)
0
/8 . 0.9
1.8
3nl4 it
3.6
4.5
5n/8 54
| 6.3
- L kP
2 — n(k)=05
3n/8 k) =0
" (ko)
n/4 Uu=8
l n=0.92
/8 T=0.02
0

0 n/8 nl4 3n/8 n/2 5n/8 3n/4d  Tn/8 n
k

X

Adolfo Avella (Universita di Salel erdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates

(o] le]

Experiments
COM results

11 ‘ 11
10 u=8 ! 10
—s—n=0.70 T=0.01 b
9 --e--n=0.78 T=0.01 I 9
8 n=0.85 T=0.01 " 8
--v=—n=0.92 T=0.02 T
7 P . 7
=) 7 3 1y
T P r 6
g IO o
3° T & 5
< ; j . .
4 Tt I : - 4
3 et ‘ 7 \ 1 3
i f B 7 t £
2 i i N A 2
AGA he r 7 X '
1 U] SV AVANDAVAN 1
4
0 m JWM 0
r S M X Y

Adolfo Avella (Universita di Salel

erdoped cuprates phel

odel within COM(SCBA)



Cuprates Experiments

Y Yo} COM results

8 . . . . . . —
[ Ut ]
) T=002 ]
6 n=092
[ ——k=s [ ]
5 —ek=s | ]
St k=X |
W a
x | |
<3
2
1
L e gl i e ]

0
-0.2500 -0.1875 -0.1250 -0.0625 0.0000 0.0625 0.1250 0.1875 0.2500
®

Adolfo Avella (Universita di Sale e 2D Hubbard model within COM(SCBA)



Cuprates Experiments

Y Yo} COM results

1.0 N Wan u=8 i
| ] —+—n=078,T=001 ||
/ \ --+--n=0.85,T=0.01
08 , 5 n=092T=002 [
o /YA !
E o6 \
’ b
=l // \ \ ]
04 !
L | e g \
e e )
0.2 N o N
e SN
0 . . . . . . \.““““\‘"L""FM*“H:M o]
0625 0500 -0375 -0250 -0.125 0.000 0125 0250 0375 0500 0.625

[a]

Adolfo Avella (Universita

derdoped cuprates phenomenology in

e 2D Hubbard model within COM(SCBA)



RN

Experiments
COM results

©B 4 B a2
K,




Composite Operator Method (COM)  Hubbard Model ~Cuprates Summary Experiments
000000 000000 00000 COM results

-0.05

Adolfo Avella (Universita di Salerno, ltaly) Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates

Experiments
Y Yo} COM results
PR IR o, U=8 i
! . —-—n=078,T=001 ||
/ \ --+--n=0.85T=0.01
I" / 5 n=0.92,T=0.02 ]
' '\‘ \ I
s )
’ \ .
‘/./' \‘
A \
L 4
M*"&g#/ \ 4
= L\
RN
\\'\H_.‘ l\'\k_ g
375 -0.250 -0.125 0.000 0.125 0.250 0.375
®
Adolfo Avella (Universita di Salerno, ltaly)

0.500 0.625

Underdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments
ocoe COM results

Adolfo Avella (Universita di Sale e 2D Hubbard model within COM(SCBA)



Cuprates Experiments
ocoe COM results

Adolfo Avella (Universita derdoped cuprates phenomenology in the 2D Hubbard model within COM(SCBA)



Cuprates Experiments
ocoe COM results

Adolfo Avella (Universita 2D Hubbard model wi



Cuprates Experiments

ocoe COM results

‘ 1.0
U=8
—+—n=0.70 T =0.01 0.9
--e--n=0.75 T=0.01 08
n=0.80 T=0.01 f-‘i"j ’
—v--n=0.85 T =0.01 A 07
| n=0.92 T=0.02 ,
06 i >l 06
= ! Y A
£ o5 “ % 7 05
- [t !
04 i —— e 04
\ P il
! H ]
o n » 7 e 03
0.2 : ¥ ! 4 f 1 0.2
' i ] § 7 : '
01 ;"w_,’] | S X J i 0.1
Jhe S, ;|
0.0 0.0
r S M X S Y r
k

Adolfo Avella (Universita di Salel

erdoped cuprates phel

odel within COM(SCBA)



Cuprates Experiments

ooe COM results

1.0 T T
—v—v—- =i=r=p—y, u=8
0.9 775 B T, —+—n=0.70 T=0.01]
08 ‘\:‘\ S --e--n=0.75 T=0.01
~3 B n=0.80 T=0.01
0.7 AR ~v=-n=0.85 T=0.01]|]
‘t\\\ n=092 T=002
0.6 \\‘v
—_ N
X v
= 0.5 \\ 3
0.4 1\ !
'
03 .
0.2 \\\" j':\‘t"\l
. \ \\ ki ‘ﬁa:3§h¢,§(m(7
| A ik haaias
| i

Adolfo Avella (Universita di Salel

erdoped cuprates phel odel within COM(SCBA)



Experiments
coe COM results

Cuprates

— T T T T T T
- A(K!"‘)) 7]
T Z'(K,(JL)) _-
(K, |
——ekw) |7
-0.2 m
] A ]
-0.4—- n=0.92 kﬁ‘m""“m,,‘\‘::
0.6 4 T=0.02 o
i Uu=8 e
-0.8 H K =S 1
-1.0 L B e — T T T T T T T

Adolfo Avella (Universita di Sal



Cuprates

[oe] )

Experiments
COM results

1.0 ————7—— . — ——
084 | n=0.92 — Ak | 7]
vl | T=002 Tk | ]
] Ju=8 =(k,00) |
0.4 k=S ——e(k,w) |-
0.2 i
0.0
-0.2 4 i
Pe.,
P |
-0.4 4 “'m,\ -
-0.6 '\-. .
-0.8 v -
4 \.\ 4
-1.0 — T T T T T T 1
1.0 -08 -06 -04 -02 00 02 04 06 08
w

Adolfo Avella (Universita di Sal

el within COM(SCBA)



Cuprates Experiments

ooe COM results

1 T T T T T T T T T T T T
0s] T
o6 ] —— 5k |]
(k)
0] k) |
w0 02] ]
o V.. o 02] ]
R 3 p 2 ] ]
I ! o os |T
) [ 7 s u
TR A ] PR ]
s D T e I R ol b R,
o 10 08 Os 04 02 00 02 04 06 o8 10 10 08 Os 04 0z 0o 02 04 05 o8 10
« © ®

Adolfo Avella (Universita di Sale e 2D Hubbard model within COM(SCBA)



Summary

@ A very low-intensity signal develops around M and moves
towards S on decreasing doping up to close an hole pocket
in the underdoped regime.
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Summary

@ A very low-intensity signal develops around M and moves
towards S on decreasing doping up to close an hole pocket
in the underdoped regime.

@ ltis just the remarkable difference in the intensity of the
signal between the two halves of the pocket to make a
Fermi arch apparent.

@ The arch shrinks into a point at S exactly at half filling
making possible to reconcile the large-small Fermi surface
dichotomy.

@ The pseudogap develops since a region with a very
low-intensity signal is present between the van Hove
singularity and the quite flat band edge.

@ A crossover between a Fermi liquid and a non-Fermi liquid
can be observed in the momentum distribution function.
This crossover corresponds to the process of
deconstruction of the Fermi surface.

@ Kinks have been found in the dispersion along nodal and
anti-nodal directions.

@ A properly microscopically derived susceptibility can give
results practically identical or, at least, very similar to those
attainable by means of phenomenological susceptibilities
specially tailored to describe experiments.
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@ Search for superconduting solution

@ Compute residual self-energy for charge and spin
propagators

Thank you for your attention!
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