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Plan

1. PART I: Strongly correlated quantum matter as such

• Unique properties: Mott (-Hubbard) localization, spin-dependent 
masses of quasiparticles, high temperature superconductivity

2. PART II: Mott in correlated nanosystems

• Selected methods: EDABI, Lanczos, VMC – results mainly

• Unique property: Evolution of statistical distribution F-D -> local, 

magnetic correlations, Mott + Slater?

3. Outlook
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Localized versus delocalized
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Instabilty of Fermi-gas under repulsive Coulomb int.
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𝜌 > 𝜌𝑐 ⇒ gas state stable (deconfinement)
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3. Strong correlations:  Definition
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Energies:  atomic kinetic potential interaction

Reference energy 𝜖𝑎 ≡ 0

• 𝐸1 ≫ 𝐸2 → fermion-gas/liquid (metallic) regime

• 𝐸1 ≪ 𝐸2 →  strong-correlation (Mott ins.) regime   
(high-Tc superconducting)

• 𝐸1 ~ 𝐸2 localization (Mott-Hubbard) regime

𝜖𝑎 + 𝑇 + 𝑉 + 𝑉12 ≡ 𝐸1 + 𝐸2
𝐸𝐺
𝑁

=

When: 

5



Hubbard model
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Now, all fermions taken into account 

In correlated state:   
≡ 𝑑2
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J. M. Honig & J. Spałek, A Primer to the Theory of Critical Phenomena, Elsevier (2018), chapter 16



V2O3: Canonical Mott-Hubbard system
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H. Kuwamoto, J.M. Honig, and J. Appel,
PRB 22 (1980) 2626
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Mott-Hubbard at nonzero temperature: phase diagram
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J. Spałek & A. M. Oleś , original derivation of the t-J model (1976)
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J. Spałek & A. M. 
Oleś , original
derivation of the t-J 
model (1976)



Fundamental concepts II:
t-J model: moving pairs of spins vs. Cooper pairs 

J.S., PRB 37, 533 (1988);  didactical reviews: Acta Phys. Polon. A 111, 409 (2007); [cf. arXiv: 0706.4236];  
ibid., A121, 764 (2012) [arXiv: 1202.2833]; Phil. Mag. 95,661-681 (2015) [Focus Issue: From Correlations to Unconvent. Superconductivity]

original derivation: J. Spałek & A. Oleś, Physica B 86-88, 375 (1977); K. A. Chao, J. Spałek, and A. M. Oleś, J. Phys. C 10, L271 (1977); 
PRB 18, 3453 (1988); J.S. et al., Phys. Stat. Sol. (b) 108, 329 (1981) ; rederivation: C. Gros, R. Joynt & M. Rice, Phys. Rev. B 36, 
381(1987);  C. Zhang & T. M. Rice, Phys. Rev. B 37, 3759 (1988), and many others …

Pairing
operators:

†
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Theory: t-J-U-V model 
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J.S., M. Zegrodnik, & J. Kaczmarczyk, PRB 95, 024506 (2017) 
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G. Deutscher et al., Phys. Rev. B 72, 092504 (2005); 
F. Carbonne et al., Phys. Rev. B 74, 064510 (2006); 
H.J.A. Molegraaf et al., Science 295, 2239 (2002);
A.A. Kordyuk et al., Phys. Rev. B 71, 214513 (2005);
S.V. Borisenko et al., Phys. Rev. Lett. 96, 117004 (2006) 

J. S., M. Zegrodnik &J. Kaczmarczyk, PRB 95, 024506 (2017)
M. Zegrodnik & J. S., PRB 95, 024507 (2017)
M. Zegrodnik & J. S., PRB 96, 054511 (2017) …..
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t-J-U model: Quantitative comparison with experiment



k-DE-GWF: nodal properties of quasiparticles (Hubbard model, SC)

[1] Experiment: X. J. Zhou et al., Nature 423, 398 (2003).
[2] Experimental data elaboration: K. Matsuyama et al.,  Phys. Rev. B 95, 165435 (2017).
[3] Experiment: P. D. Johnson et al., Phys. Rev. Lett. 87, 177007 (2001); M. Randeria et al., Phys. Rev. B 69, 144509 (2004).
[4] Experiment: M. Hashimoto et al., Phys. Rev. B 77, 094516 (2008).

Two „Fermi” velocities in the nodal direction

quasiparticle weight Fermi wavevector

experiment
(LSCO) [1, 2]

[3] [4] 𝝐𝒌 − 𝝁 = 𝒗𝑭(𝒌 − 𝒌𝑭)

M. Fidrysiak et al., JPCM, 

30, 475602 (2018) pp. 1-22
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PART II: Mott features in nano
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Starting Hamiltonian in 2nd quantization

EDABI: Fundamental concept
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where parameters – with hidden single-particle wave function

Wannier basis (single-band, incomplete):

Explicite form in particle language
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Define functional

EDABI: Renormalized wave equation

Juelich, 25/09/2020

Output: Renormalized Wannier function, explicit form of ground-state energy …  

where

Euler variational equation for renormalized Wannier wave function (in correlated state)  

NOTE: No double counting of interaction whatsoever
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Flowchart of EDABI calculations
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J. Spałek, E.M. Görlich, A. Rycerz, and R. Zahorbeński,
J. Phys.: Condens. Matter 19, 255212 (2007), pp. 1-43

(Mott Centennial Symposium, Cambridge)
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Define field operator 

EDABI: Example of He atom 
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Hamiltonian in the 2nd quantization
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Ground state energy for fixed No. of electrons

He atom: renormalized wave equation
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Renormalized wave equation of the unrestricted Hartree form

Optimized Bohr-orbit radii: 
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Hamiltonian   

Example II: H2 molecule
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Ground-state two-particle wave function: 
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Many-particle vs. single-part. bonding
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- single particle covalency
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Square of hydrogen atoms: Hubbard subbands

Juelich, 25/09/2020



25

A. Rycerz, Ph.D. Thesis, Jagiellonian University, Kraków (unpublished)

Hydrogen chain of N atoms
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Statistical distribution: From F-D to localized
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Luttinger-liquid fit
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Renormalized electronic structure
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Spin-spin correlation function

Juelich, 25/09/2020



30

Stack of hydrogen molecules
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wodór molekularny → atomowy: H2 → 2H 
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A. Biborski, A. Kądzielawa & JS, Comp. Phys. Comm. 197,7-16 (2015); 
A. P. Kądzielawa, A. Biborski & JS, Phys. Rev. B 92 161101(R) (2015);
A. Biborski, A. Kądzielawa & JS, arXiv (2017); PRB (submitted)
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Metal-insulator transitions for H2 stack
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A. Biborski, A. P. Kądzielawa & J. Spałek, Phys. Rev. B 96, 085101 (2017), pp. 1-14.



Outlook

• Strongly correlated electrons encompass limiting situation of 
condensed matter physics, with unique (thermo)dynamic properties

• EDABI as a method making the theory of correlated systems
complete – calculations of microscopic parameters and electronic
structure within a single approach, without double counting. So far, 
EDABI computable for simple original orbital structures. Can serve as 
a reference method for testing approxiamte solutions.

• EDABI: Evolution of properties in correlated state are discussed as a 
function of lattice parameter, not only vs. model parameters

• Hubbard model Lieb-Wu solution with calculation of U and t for 
arbitrary lattice spacing has been implemented with EDABI (please
ask, if you are interested)
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