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From Atom to Solids
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- How to incorporate atomic physics
In the band structure ?
- How good is a local
approximation ?

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

b 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?



Model: correlated exchange-triangle

a) Is the difference between b) How does geometry of the
Heisenberg and Ising types of the problem affect on Kondo
exchange interaction essential? response of the system?

S=5y+W
So=—Jfo Jo drdr' S, ey (NG5 (T = 7)ejo(r)
W= [ dr (U S mig(r)nay (1) + 45 758i1(7)8;(7))

-1 __ ~—15. . .
Gii~ = G; "0ij — ti

Bath Green function

G (iwn) = p+ i(wn + /w2 +1)/2

: First term — Hubbard repulsion
Interaction W

Second term — intersite exchange interaction



Continuous Time QMC formalism

Formal perturbation-series: 7 — Zjdrjdr jerKIdr 22 (0T s 1)
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D = <T (C:.lcIrl — a:%l)...(C:.ZKCrZK - )>

Since S, is Gaussian one can D can be presented
apply the Wick theorem as a determinant g0
. Teic'(cict —af ). (¢, c™ —a )>
The Green function can be g".(k) = < ' “ra
calculated as follows <-|- (Crllcl o ) (C cha :szk )>
In practice efficient calculation l
of a ratio is possible due to «<—— ratio of determinants

fast-update formulas o —for Sign problem !

A. Rubtsov and A.L., JETP Lett. 80, 61 (2004)



Random walks in the k space
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CT-OMC: fast update k -> k+1

/Gl,l GLQ Gl,k 0\ ( Gl,l G1,2 Gl,k Gl,k-l—l \
Goq Goo . Gop O Goi  Goy o Gop  Goy
Gy = | ot TR TR T gm o) T T T
Gg1 Grpo - Ggr O Gp1 o Gro2 - Grr o Gres
\ 0 0 .. 0 1)/ \ Grs11 Geg12 -+ Grrig Grgipet )
My = G2
. (k) (k)
_ — 1
M1y = M1 + AMg)] Mget1y = G
A = Gut1) — G
Rii = GinMy;
v = [ Mgt LiprroBiry —Liggro " meng
kt1 _O‘Rk-l—l,j o L’i,j — M’man

, 0" = Gyt p1 = Gt MunGigh1
N< operations



Magnetism vs. Kondo resonance

Three impurity atoms with Hubbard

repulsion and exchange interaction
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Cluster-DMFT

results for VO,
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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
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Finite temperature phase diagram
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Density of States: large U
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Spin-correlations: large U

14 -

0.8 — i

0.2 0.4 0.6 0.8 1 1.2 1.6 1.8 2
t, /)t V2

» formation of a coherent state for t, /t > /2
» magnetic order is supressed by singlet formation



CT-OMC measuring y In Imaginary time

Xloc( ) — <SZ(T)SZ(0)>
(c3(7)es (7)c3(0)cs(0)) = (& (7, 7)8(0,0)) =057 (&5 (7, 0)E (0, 7))




Dynamical susceptibility
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» Goldstone mode for small t|
> singlet-triplet excitation at ~ Jy = 4t2/U = 0.5



Beyond DMFT: Dual Fermion scheme

General Lattice ActionHH = h 4+ U *

r 1 8
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Optimal Local Action with hybridization A
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A. Rubtsov, et al, Phys. Rev. B (2008)



Dual Fermions & %ﬁ"é
Gaussian path-integral
/ DI flexo(-f Af+F BT+T*BY) = det(ﬁ) exp(T*BA1BT)
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d, and y, ., from DMFT



Basic diagrams for dual self-energy
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Lines denote the renormalized Green'’s function.



Condition for A and relation with DMFT

GdfGDMFT-g
N

To determine A, we require .
that Hartree correction in dual variables vanishes. ¢ =0
If no higher diagrams are taken into account, one obtains DMFT: u

Zggw:o ’Z[gw—(hk—Aw)_lrlzo
k k

Higher-order diagrams give corrections to the DMFT self-energy,
and already the leading-order correction is nonlocal.

b
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Dual and Lattice Green’s Functions

The partition function can be written in two equivalent forms:

Z = /exp(S[C*ﬁc])D[c,c*]

H det [gwcr (Awa — H, ( ))gwﬁ] X

//exp —S[c*, c, " f]) D[f,f"]Dlc, c]

» the dual transformation ensures anexact relation between

Gl — (Tfkof* ) and Goko = —(TCuko €y, )

) uo Glka 8uo (Duo — He(K) ™

'a

EQ
F3
Q
|
— ,—B
€
Q
|
L
—
=



Cluster Dual Fermions: 1d-test, n=1

1D Hubbard chain U/t =6, 3 = 10, e(k) = —2t cos(ka)

0.00 |
DMRG
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+ 1-site, dual correction
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+ e -site, dual correction
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-0.10 1 L R
o
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+
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H. Hafermann, et al. JETP Lett (2007),



ARPES: Im Z(k, ©=0)

Im %(0,)=-0.08 Im 2(0,m)=-8

K 10 20 30 40 50 60
X
k

U=1 U;Z

Hubbard model with 8¢ = 2, 3 = 20 at half-filling.

Data for Im > at w = 0.
A. Rubtsov, et al, Phys. Rev. B (2008)
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Pseudogap In HTSC: dual fermions
Zg (Au = )™+ 90) forofure + Y Vi

.
FS
2d: U=4 W=2 {'/t=-0.3 6=14% 3=80 A. Rubtsov et al, PRB (2009)




Quasiparticle dispersion

Ezf ' — Re
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A. Rubtsov, et al, Phys. Rev. B (2009)



Two-particle Green-Functions

» Exact relation between dual and lattice two-particle Green
functions (symbolically):

X(ka k', Q) — <Tck+qcick’f~ir+q>

CGeG= (5K g (A H)y (- 6Ye 6,
g (A-H) g (A-H)]

» two-particle excitations for dual and original fermions are the
same! I

S. Brener et al. PRB (2008)



Bethe-Salpeter Equations

» [ hree channels:
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Susceptibility: DF vs.DMFT

» DMFT approximation for 2PGF:
Y — GD R GD _ GDGDﬁfirX

with

(4) (4)

el g L B

» Not recovered completely in the lowest non-trivial order of DF:

v — GP @ G0 = GPGPL4 PGP

g = GD— Gd,O




Convergence of Dual Fermions: 2d
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Magnetic susceptibility: exact results
Bethe-Salpeter
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g g

For local correlated system - exact separation:
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Susceptibility: 2d — Hubbard model
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Bethe-Salpeter equation: pp-channel

spin q=(m.w) —+
charge 4=(0,0) .
iring d-wave q=(0,0) —*

I riprp - Tow +

U=W t'/t=-0.3 x=15%
23Nd Z')g:% 0 k k",_ q= O) Gﬂw’(_k!) Gi’(k!)qbw’(kf) — /\qi’w(k)

k!,



d-wave symmetry of the eigenfunction

H. Hafermann et al. J. Supercond. Novel Mag. 22, 45 (2009)

max

0

min

T/t

0.35

03F
025
02t
0.15
0.1F

0.05 -

. PM
AF -local
\ dsC
O.|05 Ol. | 0.|l 5

d

0.2



Superperturbation around ED
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Two-particle GF: H. Lehmann
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Impurity test: semirsircular DOS
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Real-axis scheme: First Diagram
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Conclusions

m Electronic Structure and Magnetism of non-
local correlated systems can be described in
CTQMC + DF scheme

= Exact Spin Dynamics for magnetic
nanosystems with vertex corrections
can be calculated within CTQMC



