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Zur Theorie des Ferromagnetismus.

1 932 Von W. Heisenberg in Leipzig.
Mit 1 Abbildung. (Eingegangen am 20. Mai 1928.)

Methode I. Nach Pauli

Quantum Mechanics:
Ferromagnetism = “Exchange Interactions’ =
Coulomb interactions + Pauli Principle
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Disolving Multiplets: Fe in alkali system
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Correlated Materials
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Hubbard model for correlated electrons

H = Ztu C. C ch+UZ:nTn

o Ui
o Chemical potential




Dynamical Mean Field Theory

G(ia)n)=é§€?(l§,ia)n)
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Quantum Impurity Solver

What is a best scheme?
Quantum Monte Carlo !




Continuous Time Quantum Monte Carlo
Partition function: H=Hy+V
Z="Tr [e_BHOTTe_ Iy dTV(T)}

Continuous Time Quantum Monte Carlo (CT-QMC)
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Weak coupling QMC: CT-IN
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CT-INT: random walks in the k space
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Convergence with Temperature: CT-INT
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Impurity solver: miracle of CT-QMC
5=y /O i /O ’ dT[-Ggl(T-T’)cj(T)CU(T’)%U(S(T-T’)J(T)c;(f)ca,(f’)c(,(f’)]

Gol(r =) = 8(r ~ - + 4l — A7)

Interaction expansion CT-INT: A. Rubtsov et al, JETP Lett (2004)
(- U)’*f
7 = 7 § j

Hybridization expansion CT-HYB: P. Werner et al, PRL (2006)

Z = Zy Z —Tr< e (T)eo(7)c i (T)ep (7)) det[A(r—7")]
k= O

Efficient Krylov scheme: A. Lauchli and P. Werner, PRB (2009)

Trdet[Go(r — 7)]

E. Gull, et al, RMP 83, 349 (2011)



Benchmark for CT-QMC
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DMFT: Metal-Insulator Transition
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Real Materials: Reference Systems
Materials Reference

Reference system is important: Archimedes

,Give me the place to stand, and | shall move th



Non-local screened interactions

F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. Biermann, A. L. PRB 70, 195104 (2004).
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Constrained GW calculations of U

PHYSICAL REVIEW B 70, 195104 (2004)

Frequency-dependent local interactions and low-energy effective models from electronic
structure calculations

F. Aryasetiawan,! M. Imada,”? A. Georges,*> G. Kotliar,® S. Biermann,* and A. I. Lichtenstein’
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Realistic DMFT. Charge+Spin+QOrbital Fluctuations

W. Metzner and D. Vollhardt (1987)
A. Georges and G. Kotliar (1992)

DMFT time scale
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Magnetism of Fe, Co, Ni

k< PERIODIC TABLE

Representative Elements
| p-block ———————|

Representative Elements Noble
&S -blocks] gases
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Ferromagnetism of iron

s | e is known from ancient times
hion ' Hippocrates — 440 BC

Lucretius — 100 BC

PERIODS




Coexistence of localized and itinerant behavior

O O O Local magnetic moments exists above T,
- Curie-Weiss law, spectroscopy, neutrons

O OOO d electrons are itinerant

- FS, chemical bonding, transport
Multiplets Bonds

o Iron Fermi Surface
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Magnetism of metals: LDA+DMFT
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PES: satellite structure in N1

Ni: LDA+DMFT (T=0.9 Tc)
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Spectral Function Fe: ARPES vs. DMFT
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CT-QMC with full U
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3d-Magnets at high pressure

Fe and Ni and their alloys under pressure
from ambient to Earth ‘s core condition

Earth‘s magnetism
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What about Nickel ?

% A.Hausoel, M. Karolak, E. Sasioglu,
A.l Lichtenstein, K. Held, A.A. Katanin,
AT and G. Sangiovanni , Nat. Comm. (2017)
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30 years of HTSC: d-wave superconductivity

Damascelli et al., Rev. Mod. Phys 75, 2 (2003) He et al., Science 331, 1579 (2011)
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Electronic Structure YBCO
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HTSC: from LDA to 1-band model

M

From LDA “Chemistry”
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Cluster DMFT




Cluster DMFT scheme
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Double-Bethe Lattice: exact C-DMFT

bilayer Hubbard model on the Bethe lattice
(for coordination z = 3)
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Self-consistent condition: C-DMFT




Finite temperature phase diagram
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Density of States: large U
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Exotic Magnetism:

riple Bethe lattice
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Exotic Magnetism: Triple Bethe lattice
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Cluster-DMFT

Plaguette hopping matrix O—H--O0—@ -6
4 3
]
[ 0 t.KFf 0+ K\ O )
t, I 0 t, K 0 | I
Try(K)y=| *°° vy
1.7 (K) 0 t,K, 0 tK; © P
\t,K, 0 LKS 0 ) & D
where K;t(y) = 1+exp (:I:in(y)a,) @ S
Supercell Green Function € Q-O D --O—0

G (K, iw) = [(iw+p)1 =T (K) - % (iw)]"

Where Self-energy matrix g1 (iw) — G (iw) = 2 (w)  S(w)
for plaguette has the form: ’

S (iw) ZI (—iw)

| Gi (iw) F (iw)
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Quadruple Bethe lattice




Single Plaquette

M. Harland, M. Katsnelson, A.L. Phys. Rev. B 94, 125133 (2016)
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Phase Diagramm of 4-Bethe
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d-wave Superconductivity
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Josephson lattice model for dSC phase fluctuations
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Effective Josephson couplings:
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Related with Anomalous Self-energy (S)
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Interaction of electrons
with collective excitations

o_o_’_‘ Plasmons

Orbitons
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Beyond DMFT: Dual DB/DF scheme

General Lattice Action: Uq = U + V4 @

. 1 .
5= ZCII/O'[ZV e 5k]ckya + 5 Z Uq NgwNqw

kvo qw

Ngqw = Zkya(cl*cl/ck—l—q,y—l—w o <Cl*<l/cky>5qw)

Reference system: Local Action with hybridization A,and A,

1

Sref - CVJ[iV—I_M_AV]CVJ+§ Zuw nznw A, R

vo w U
Lattice-Impurity connection: S = S +AS A F

1
AS = Cjka [gk o AI/ ]CI/kO‘ + 5 Z (Uq - Z/{w) n:;wnqw
vko qw o422 90 °
((\(‘ ‘e 9000 ofe ¢

U, =U+ A, Uy —U, =Vq— A, 8 O e (&

A. Rubtsov, M. Katsnelson, A.L., Ann. Phys. 327, 1320 (2012)



Dual Transformation ==

Fermionic Hubbard-Stratanovich transformation

Soy =Y, +Go

ekz Cliyo' [AVO'_Ek]CkVO' det /D f f _kz {fkuo[AVO'_sk] fkya+czafua+fltacua}
vo — — e vo

Bosonic Hubbard-Stratanovich transformation

6 qw R

n w—VqMlgw —d :klw w_q_l qw nzku w Zkunw
\/det 3> niwldu—Valng /D[gb]e 2§J{¢> [Aw—Val L qu+ns o, +o5n., }

Dual action

Go=[Grt, +A, —a]l ' -G =Ge - G Augmentation:

Wo =o' [[Uq — U] — Xw]_l oyl = Wy — Wit oy = Wu/Us, = (1 +



Dual Potential

Effective Interactions:

— Z’YVwaf fy—|—wf — ‘|‘Z )\,/wf fl/—l—w(b —|—hc)

vv'w

Definition of correlation functions Gy /G = — (c ¢ >k,,/,,ref,

qu/Xw - <n n*>qw/w ref ’

Ww — Z/{w + Z/{waZ/{wa

¢L >\ gV gV—|-w w1<c Cl/—l—wnw>100

’ -1 -1 -1
( ! fyul/ 'w — 9v Yy Gy —wgl/—l-w [ <CI/C ’C;i’—wclt—l—w> - 9vGv (500 T 5V',V—|—w)]

DB: Full impurity vertex Yuu/w with Gy,
"5 and G, (k)

'valent to Bare irreducible vertex yw,,



Lattice GF and SCF-condition

Lattice two-point correlation functions

Gl = G2l — S+ 6 5" 5= A A [T

Weo = Wit = ao(1+ W TIew) ™ fi = P = r (B

Self-consistent conditions:

Z ka _ G,r/ef,

Lattice susceptibility
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Undoped Cuprates

E. Stepanov et al, NPJ Quantum Materials 3, 54 (2018)
Temperarture dependence of magnetic susceptibilities
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Spin-fluctuations in cuprate

E. Stepanov et al, NPJ Quantum Materials 3, 54 (2018)
Extended Hubbard model: t=0.3, t'=-0.15t, U=3, V=0.5, J4=0.01
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Doping and Temperature dependent magnetic susceptibilility
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High-energy spin-excitations
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Doping dependent Spectral Function
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Exchange interactions in DB

From Ladder susceptibility
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Summary

¢ DFT+DMFT is a perfect scheme for
magnetic materials

€ New playground of N-Bethe lattice

@ Local correlations exactly computed within
CT-QMC impurity solver

¥ DF/DB is an efficient approach for non-local
corrections beyond DMFT

© Exchange interactions and Vertex Corrections




