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From Atom to Solids

physics
How good is a local
approximation ?

What is a best solution for atomic
problem in effective medium ?

- What is different from one band
Hubbard model?

How to solve a complicated
Quantum multiorbital problem ?

What is the best Tight-Binding
scheme for realistic Many-Body
calculation for solids?



Computational Material Science

e Starting fro
Schrodinger?

Kohn Density

Functional Theory (DFT)

of inhomogeneous P
electron gas in solids Physics %

Strongly correlated
electron systems ?
Dynamical Mean-Field
Theory (DMFT)







Effective one-ele

Charge density:

Energy Functional:

KS-kinetic energy:

Hartree potential:

Effective potential:




 The Fermi Liqu
— Interactions are weak - quasipa
Interactions are slowly switched on
Energy levels are modified
Eigenstate is given by occupation numbers

;ngac)e(k)+%U;[a,o.<k,k'>na (k) (k)

DFT — bad for correlated electrons... ; LeylLandau

Mott insulators, Heavy Fermions etc. Where is a small parameter?




e Errors in the approximation of exchange and correlation cancel

e LDA does fulfill the sum rule for the exchange-correlation hole

! W
,lffe’l' ngelr,r —r) = —1

e r,r') = n(r)g(r,r) — 1] = exchange-correlation hole density;

gir.r') = pair correlation function averaged over coupling constant.

correlation hole which 1s well described in LDA.
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R. O. Jones and O. Gunnarsson, Rev. Mod. Phys. 61, 689 (1989)

e The exchange-correlation energy depends only on the angle-averaged exchange-




Weak corr. Strong corr.




Correlation driven MIT

photoemission
spectra (DOS)

A. Fujimori et al.
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What is the Mott transition?

a correlation driven metal-insulator transition
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Mott transition in V,0,
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Fluctuation of charge, spin and orbital degrees of freedom
related with complex behavior of correlated electronic systems




DENSITY OF STATES
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sital degrees of freedom

° e, orbitals
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Matrix U3,

Multipole exp

Coulomb matrix elements in Y|, basis:

< mm’||m”m/” S — Z az(m, m” . m' m")F

Angular part — 3] symbols

k 2
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Slater integrals:
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Average interaction: U and J

_ : 1
For d-electrons: I, = (Fz + F4)

Coulomb and exchange interactions:

U,y =< mm'||mm’ >
J

) =< mm/||m/'m >



A. Georges et.al, arXiv:1207.3033




Atomic Units: h=m—=ec—=1

Coilomb interaction: (S¢S Wil 'Y

Second quantisation operators in orthonormal basis:

Wannier Basis: [M€3] with site, orbital andspins quantum numbers
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Shot notation:
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F[G] = ~TrIn[-(Gy ' -Z[G])]-Tr(Z[G]G)+[G

Exact representation of ®: ve_=aV,,

b = %/Ol daTr|[Vy: < YT TPy >

Different Functionals:

DFT:  G=p J=V=V,+V,.
DMFT: G=Gg|m) J=3, C(I(Dg
BKF:  G=G(Kk,iw) J=3(K,iw




Weiss Mean-Field Theory
of classical magnets

Kohn Density Functional Theory (DFT)

of inhomogeneous electron gas in solids

Dynamical Mean-Field Theory (DMFT)
of strongly correlated electron systems

Baym-Kadanoff Functional




Dual Fermions: Basic

Start from Find the optimal Expand around
Correlated Lattice DMFT solution
Bath hybridization
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Simple and exact
solvable model




Dual Fermion scheme
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Reference system: Local Action with hybridization A
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Lattice-Impurity connection:
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A. Rubtsov, et al, PRB 77, 033101 (2008)
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Lattice
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Basic diagrams for dual self-energy




Condition for A and relation with DMFT

To determine
that Hartree co
If no higher diagrams &

Higher-order diagrams give corrections to the DMFT self-energy,
and already the leading-order correction is nonlocal.
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V. Metzner and D. Vollhardt %1987)

A. Georges and G. Kotliar (1992)



Dynamical Mean Field Theory
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What is a best scheme?
Quantum Monte Carlo !
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Interaction expansion CT-INT: A. Rubtsov et al, JETP Lett (2004)
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Efficient Krylov scheme: A. Lauchli and P. Werner, PRB (2009)
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Weak coupling CT-QMC U =5eV
o Strong coupling CT-QMC T =02 e,V
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CT-QMC review:E. Gull et al. RMP (2011)
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Two eql
FlJ* J;L*, L] =In Zf/D[C*,C; [ flexp (—S[C*, ¢ [, [+ Jien +c3dat L fi + f2*L2>

FIL*, L) = In 2 / DU, flexp (=Salf*, fl + Lify + fiLs)

Hubbard-Stratanovich transformation:

FlJ* J; L7, L] =Li[g(A — h)gli2 L + 111/73[6*, c] exp ( — S[c*, ] +
+Jicr 4+ & Ja + Lilg(A = t)i2ca + ¢1[(A — t)9]12L2)

Relation between Green functions: é )2 F
P 5Ly 0L

L*=L=0

Gz = —[9(A = t)gha + [9(A = )]11:Gra [(A = t)gas

T-matrix like relations via dual self-energ

—1

G (k) = [(gw + gwiw(k)gw) T, tk]




ARPES: Im 2(k, w=0)

Im (0,)=-0.08 Im (0,)=8

Hubbard model with 8¢ = 2, 3 = 20 at half-filling
Data for Im ¥ at w = 0.

A. Rubtsov, et al, PRB 79, 045133 (2009)




2d-Hubbard: Spectral Function

paramagnetic calculation U/t =8, T/t = 0.235
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Non-local susceptibility with vertex corrections

Xo(q,£2) + X(q.€2) = Q + ’®‘
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Models approaches

Materials-specific nput parameters unknown
Fast code packages Computationally expensive

Fails for strong correlations  Systematic many-body scheme







localized ork

Local Green function and hybridization function

(LR R
GIOC(w Z |L | = | ><L!|
KL.L w +1 =374

(w) = w + 16 — g — [G%]OC(M)} -

Projector augmented wave basis
1K) = |K) + 3, (1¢) — |6:)) (Bi K)
L) = |¢:)

(LK) = 32, (Llw) (B | K}

Implementation with PP, PAW code  F Lechermann et 1, PRB 77, 205112 (2008),
PRB 81, 085413 (3010),




orthogonal |L> basi

G;1(k,iw,) = iw, + u - HE (k) -2 (i)

GLL' (ia)n) = 2 Gi;' (k9 ia)n)
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F. Aryasetiawanan et al
PRB(2004)
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Re <dd|W|dd> (eV)

= [1 — W, P 'W,

 (eV)



ective U(w)

T. Miyake and F. Aryasetiawan
Phys. Rev. B 77, 065122 (2008)




Strength of Coulomb interactions: Graphene

9| graphene graphite
" |bare|cRPA || bare|cRPA
17.017 93] ||17.5] 8.0
17.0] 93\ 17.7| 8.1
8.5 : 8

cRPA dielectric constant ¢

T. Wehling et al., PRL 106, 236

A, As/t

C. Honerkamp, PRL 100, 146404 (2008) Z.Y. Meng et al., Nature 464, 847-851 (2010)




DOS (eV)

E. Gorelov et al, PRL104, 226401 (2010)
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Spectral functions and double counting

Charge transfer insulator

Almost metallic
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A. Kutepov et al PRB (2010)

Superconductivity related with non-local spin-fluctuations:

How to calculate non-local correlations effects - EDMFT?

BUT: there is a problem with conservation low: Rl IS QUi
NEED: more elaborate “non-local” scheme! =
<I010>a),K—>O X m




* DFT+DMFT scheme is the simplest way to treat
strongly correlated materials

e CT-QMC is numerically exact and very useful
Quantum Impurity Solver

(Lecture of A. Rubtsov)

* DFis an efficient scheme to describe long-range
non-local correlation effects in solids






