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WHY IS THIS SO HARD TO SOLVE!

. , : Dirac (1929)
Basic laws of Quantum Mechanics were developed in

early 1900 (Schroedinger Eqg. 1925, Dirac Eqg. 1928).

"The underlying physical laws necessary for a large part of
physics and the whole of chemistry are thus completely
known, and the difficulty 1s only that the exact application
of these laws leads to equations much too complicated to
be soluble.”

We know the

Ham | H:On |aﬂ : [Proc. Roy. Soc. (London) A123,714]
> Emergencel
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We know the
equation: S0...,

HY(r,t) = —0;¥Y(r,t)
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BIREC | APPROACH 10O SCHEESS

Perturbation theory does not work:

e 1
Kinetic enerey: E... = ~02eV
gy k 2m€a2 =

62

Potential energy: E,,, ~ — ~05eV

Interaction I1s non-perturbative.

Direct Numerical approach hopeless:

| 0% interacting fermions
and wave function iIs fully
antisymmetric with

respect to electron Sign problem NP hard =>
coordinates and Spins cost scales: Exp(-size/T)
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INDIRECT APPROACH / STANDARD THEORY

Density Functional Theory:

Hohengerb & Kohn proved: 3functional of electron density p,

which I1s minimized at the physical density, and gives ground
state energy.

BUAY = Bunl{o}] + Bunal{o}] + [ Ve (0ot

: 0, /E . :
universal functional material dependent term

independent of material
depends on EM interaction

Kohn & Sham (1965): To minimize the functional:
solve auxiliary single-particle problem+self-consistency condition

Ui

self-consistency * auxiliary potential:
condrtion: g Z Yn(E)¥n(r) ch[{p(r)}]

En <M

(—h VQ -+ Vext(r) = VHart’ree (I‘)) wn (I') —+ ch[{p(r)}]¢n(r) — 5n¢n(r)

unknown but
universal
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OCAL DENSITY APPROXIMATION

Universal but unknown functional P
Eintl{p(t)}] = Errartrec{p(r)}] + Excl{p(r)}]

approximated by local ansatz:

Excl{p(r)}] ~ / drp(r)esc(p(r))

energy density at point r depends only on
the charge density at the same point.

computed in uniform electron gas
Ezc(T)  (jellium) model by QMC



DIFFERENT INDIRECT APPROACH
LUT TINGER-WARD FUNCTIONAL

Luttinger-VWard Functional:
e = =Gyt =@ e Tr log(—G) + @[{G}]

material dependent term: universal functional
Gol(r,r') = [w+ p+ V? = Vi (r)]8(r — r')  independent of material

I‘[G Extremum in the exact Green’s function or|G]
[ is free energy in extremum 0G

=0

b [G] Is a sum of all connected two particle irreducible
Feynman diagrams (skeleton diagrams).

1
|egeﬂd. _________ Uc(r_r,):|r_1r/| or Uk

For a proof see: Abrikosov, Gorkov, Dzialoszynski book
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LW- FUNC TIONAL

'{G}] = —T][‘((Ga1 — GHG) + Trlog(—G) + ®[{G}]

Solution.obtai.ned oT[G] e 5B[G] »
by stationarity e —Go T
5(13[G] Functional derivative obtained by
cutting G propagator In every
0G diagram in all possible ways
S G| = 1/2®; +1/2 /4 ~ v TN e
Q © QO i G |

5(I)[G] s Q o i<:>f ‘), _________ vl r —r/|

. - GTo =2

Impossible to solve
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USEFUL APPROX\MAT\ONS

|) Hartree-Fock:

(I)HF[G] S 1/22 +1/2

Stationarity of I'[G] gives: LgF =

-

i — J(r — r') /dr”p(r”,r”)vc(r” —1) — p(r',r)v.(r" —r)




USEFUL APPROXIMATIONS

~ |.

2) RPA (also called GW in abinitio world):

(I)GW i (I)HF [G]_|_ 1/4 g +1/3\O \Q/}...+...+1/6O %4.
- SO

Stationarity of I'[G] gives:

O, OO poooo

ey = DT |




DF T IN EWALIKE LANGUAGE

AL Ml

electron density p(r) = G(rr,r'7)6(7 — 7)é(r — 1')
is the diagonal part of the GF, i.e,

G(rr,v'7") = —(Tap(rr)y" (r'7'))

. : \/\/hile DFT gives exact energy at T=0,
BRNGEproximation: PHGE — Eulp] + $olp]  mt e e
to the exact G and F

Conseqguence for the L.WV. like functional:

Stationarity: G_l — Gal e (VH [IO] —~+ ch[p])d(T T ’7'/)5(1' = I',)

2 0
where G, I — - - 14 e Ve Born-Oppenheimer

and p(r) = G(rr,7'v")6(r — 7)é(r — r') -- Self-consistency condition
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LOCAL/SEMI-LOCAL DENSITY APPR

Extraordinary success: Standard theory of the solid state systems

Momentum space:

/I
Y 3 Band Theory: electrons as waves:

S Rigid band picture: En(k) versus k

o8
K
>




PROBLEMS IN COMPLEX MAT.

Rigid bands picture: A ImG(k,0) Coherent+incoherent 4 ImG(k,o)
at each momentum point spectra in complex
electron weight concentrated £(K) correlated matter
in a single delta function P
® 0 (
k J_ 1 k

4 Electrons have dual nature, partly itinerant and partly localized
4 Need to incorporate a real space perspective into wave picture
(Mot localization -> electrons partly localized,
Hunds coupling->leads to orbital blocking).
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SUCCESSFUL THEORY: DMFT+DFT

database: http://hauleweb. rutgers edu

_muu.. : | Ny " - ~y % ute € 3
R e SRR RN, NS RN S U T 5 G SUEIGIS DS VY- — W 0 T U R
sponsored by

/ \ o~

\
Rutgers DFT & DMEA Material Datal)ase

—
Supported by NSF CAREER DMR-0746395 (Kristjan Haule)
& NSF DMR-0906943 (Gabriel Kotliar)

Compound LDA Resuns ODNFT Resuits nput Files Output Files
DOS OPT BANDS CDOS SICNP OFT DLT PROE Alkw) strect  indiml  indfmi  params Download
0 NP OT DI MOS Adcw Mgt odef oded  oacam Qowrioud Page
CO0S SCNP OO DUY MO8 Adw Mo ded il Qacem Dowroud Page
w1 0Os  OPT NS 005 SCAP » DAY PRO8 Akw Sl pded  pded panam Qowaind Page
Bal22-AN DOS OFT  BANDS 005 SCANP OT DT MRS Akw Mgt odof  oded Qaram Qownicud ?age
' ' BafelAs) DOS OFT  saNDs 05 SO OFF LY MEOE Adw Mol pded  eded oar o Qoweioud Page
' Q- |mpur|-t>/ Ceapha COS CPT  RANDS CRCS SCAE O°F DI PO Adw S ded  pded e Orerud 2age
SO||d ‘/ . ' VA.gemms 003 OFT WANDS 005 SCAP 7 DI PROR Adcw gt dof  odod gasam Dowoload Page
In a medlum - on O s CDOF SCNP OFT AT MRS Adcw Mgl bdef  mded guram Dowekoud Page
CoN DOS  OFT  BANDS LS SCnP » QY MmO Adw M i il Qacem Qowind Page
Cma2 DOS  OPT  BANDS L5 SCAP PT DI ROV Akw s opdofd  odod pacam Qawoicud Page
DOA . NP T DU truct rd e 24ra™ Qowioud ?a2e
T MANDS CDOS SC P - o Os  Adw FITITA | wiref v oo AL Qowiond Page
05 SCAP PT DI RO Ak sl dod dnd  garams Qowrond Page
[ T OIS Akw unct odof oded  Qacam Qownioud ?age
pos o LANCTS CDOs SC.owr » LY MO8  Akw W) i ref e =t 24ra™ Dowiond Page
CLCs  SCP » AT EEOR Ak M il pded QA Qowoad Page

tutorials: httD // haulevveb rutgers.edu/tutorials

Successtully describes o it bt
pI"O pertleS Of NnumMmerous DMFT_W2K Tutotials and Installation Instructions
complex materials
(see http://hauleweb.rutgers.edu/)

Tutorial 4 on SrplrO

These are tutorial for the DMFT_W2K code by Kristjan Haule. For questions of «
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NEW PHYSICS UNCOVERED BY DFT+DMFET

Mott transition in RP—Iridates & Jeff=1/2

, . : . : .
Hund's driven bad semiconducting state in FeS SO, <1
— (1/2,172) 1250
° 06— x@32) | A I B é}’
04 A [ < 1000
Large thermoelectric power i, | =
r r r 3 0‘27 3 % 750
2 o = >
ST 14k — 109K Pz g 0
290K 386K A D o4l 3]
5| 580K — 1160K — f - 227 é 250
A 1 .M. Tomczak, K. Haule, G. Kotliar, s g o
. . [
z .l | Proceedings of the National Academy L g 20
T T = . @) . . .
g of Sciences (2012) e 004 o8 12
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Mott metal insulator transition in FeO at

o

. ° 1000
high-T under pressure (geophysics) =
3300 . : : . . . . , . 3 . Sr3lr,07 . .
- 3 © Uz e
% 1000 bl 8 43-
2700 r L% 500 - ;IO .
et 05 ~"% 10 15
< 2100 B & .} Frequency (10% cm™)
()
3 H. Zhang, K. Haule and D. Vanderbilt, PRL 111, 246402 (2013).
§ 0.4 ’
£ 1500 | 1 4 ‘
|_

Hunds metal physics In
iron pnictides
and large fluctuating

900

B8 |
: structural
S EnEleE

Frequency (eV)
o
N
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Preacaiire (GPa) l M L | N Ph | 8 376 38| (20 | 2)
' 0.0 . Liu, etal., Nature Pnysics g, - :
- Onta R Cohen, b Hirose, K. Hade, “00) (1,00 (1.1) (5.5) (Oﬁj Z.PYin, KH, G. Kotliar, Nature Materials 10,

K. Shimizu, Y. Ohishi, PRL 2012 ’ o | 932-935 (2011)

Tuesday, June 17, 14


http://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat3120.html
http://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat3120.html
http://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat3120.html
http://www.nature.com/nmat/journal/vaop/ncurrent/full/nmat3120.html

itinerant

s-state

LOCAL DENSITY APPR

Why is L

L

does Nof

DA po

with wide (s,p) states!

‘ential depends only on the -

DA bad when narrow (df ) are coexisting

otal density, It

. distinguish between states
wide bands

N narrev: ahie



DYNAMICAL MEAN FIELD

> e

local correlations on a given site can be
computed by solving a quantum
impurity model

===

¢ 4 € ¢ <

¢ ¢ H ¢ <

¢ ¢ ¢ € ¢

¢ ¢ ¢ ¢ €
v

Functional integral
for the solid:  ,, _ / Diiptple St Satom ()=Sirs [ drord () Higapy (7)
approximated by
action local In space
(but not time):

Tuesday, June 17, 14

— NS, [dr [dr'y] (P)AGF—7"); (7!
Z:/D[whp]e S Satom (D)=, [ dr [ dr'y] (1) A(r—r")i(r")



STATIC MEAN FIELD

Weiss mean field theory for spin systems

Exact In the limit of large connectivity Z

|

Y JijSiS;
(4]

. dlmplification:
it Local problem!

Classical problem of spin in
a magnetic field
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DMFT SELF CONSIST. C.

e

Z(iw = B Eii)_l — (iw — Ez’mp — N — Eii)_l
Diis = 2igmp

} SCC for the Hubbard-like model:

k

Gimp Eimp Uz’mp



DYNAMICAL MEAN FIELD

L uttinger-VWard Functional: abriel Kotliar ntoine Georges

INEEES{(C G | C) + Tolog(— G) + 2HCT

DMFT approx: ®[{Gi;}] = Y ®[{Gu}]

7; | IS Site or cluster
-all lecal diagrams
(fully dressed propagators)
DGyl = 1/2C;> +1/2ii +1/4l©l+® .. oum of all local
Q i ©" l@@’ Feynman
DMFT funcional: " e, diagrams

\ i / functional
similarity with DFT; @524 = / Brve ()] SR
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DYNAMICAL MEAN FIELD

O 2 i<:>i S
6(:[)[{Gzz]} — i + i'// > \\\‘i + li ::l + -,’/:___/_/\(;\__ \\\\ +
0G; | | l
o sum this infinite set of diagrams, we
PR e e

quantum impurity problem!

the same as

. . . DMFT functional
Exact action for the impurity problem:

Limp|Gimp) = Trlog Gmp—Tr ((GE zlmp T Gq;_nip)Gimp)qu)[Gimp]
with ®[Gimp]  all skeleteon diagrams constructed™dy
by Gz’mp and U
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DMFT SADDLE POINT

The trick to sum the local Feynman diagrams:

z©i o
SO[{Guil} O RO R SN
5G 5Gimp
For this to work, we must require; G iGimp
| , Uii = Uimp
The DMFT functional is:

Comrr[{G} = —Tr((Gy! — G™H@A) + Trlog(—G) + Z O[{G;i)]

And from saddle point, we get:

Ol pyrr[{G}]
5G iy

0P{Gi }]
0G i

— —Golzjl E G,;jl | 63':72514:11 =0

which is equivalent to: Xig#ee = 3,,,,,
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HOW LOCAL ARE CORRELATIONS?

Correlations are only local in large d (large connectivity
z) hence DMFT exact -- Welss mean field theory

i

ij i :
B; =) Ji(S;) Z = /D'u.n.-f(-— 5 Sutom () =5, J drdr' v} (1) A(r 7" (r')
i1 F

What about finite D? What about 0!

H2 molecule: O—2__o
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LOCAL CORRELATIONS

G%ocal oy PG(I‘ ! R’La I' Z Xa

Gapxp(r’)
Greg :
e, Ri vector to the center of atom |

I’ vector centered on an atom

Hartree-Fock + DM FT'

(I)[G] — EH [IO] = EX _I_ Z (I)DMFT[ local] EH [prléocal] R Ew [prliocal])
B DMET:

(I)[G] i EH [IO] T EX [IO] T (I)éDA[p] i Z((I)DMFT [Grltocal] EH [prliocal] e ECU [prliocal] (I)LDA [plocal])

- L [ Plocat®)Plocar (')
E 1 D0 X o oca oca
/ ‘I‘—I‘" H[plocal] 2 / | ‘I‘—I‘" |
rr')p? (r'r) - 3 Plocar(T ¥')Piiar ('7)
E () A s e oca oca
Ex [,0] 2 / |I' % I‘/| X[plocal] 9 ’I‘ e I‘/‘
BEAl) = [ olple))o(r) D" Plocall = / 2c(Plocat (F)) Plocar ()
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TEST THE IDEA: H2 MOLECULE

Archetypal problem of strong correlations:

Molecular hydrogen: H. | ) 9 Molecular hydrogen: | |47+ |
local - |

Glocal = XE( ) <XL| G ‘XL> XL (I‘/)

2 _.o Geat = X(0) (Xl G X&) XR(T) 2 _ o

Can be solved exactly

(oo (H™)) = Mou(H™)) rovides good local basis

1
V2
(Ilog(H™)) + [Low(H™)))

XL(r) =

XL(r) oiles el

&\H

-2

23 -2 -1 0 1 2 373
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DMFT+ for H2 m

olecule

Archetypal problem of strong correlations:

-1.6

I
=
0

T

Total Energy [Ry]
N
o

—2.21

HF+DMFT

LDA+DMFT

need cluster
corrections

Y

HF+DMFT

o o LDA+DMFT
— exact
1 2 3 4 5
R[a.u.]
improves ionization
-IE(LDA+DIVIAI£% e ener of LDA
-IE(LDA) ------- gy
-IE(Exact) -------
EA(Exact) --=---
| correlation energy
g increases with R
o 4(_ (LDA wrong trend)
= double—counting
smaller than
/L phenomenological
o —t. i - - - formula
-20 -15 -10 -5 0 5 10 15 20

Tuesday, June 17, 14

0.401

Energy [Ry]
o o o
NS W W
(9] o [9)]

o
N
o

0.15

0.10

0.66
0.64}

= 0.62]

> 0.62

= 0.60}

>

5 0.58f

5 0.56

0.541
0.52}

0.50

Molecular hydrogen: H,

.(s!\).

DMFT exact in « D, or large connectivity Z
| It is not expected to be good for H2 molecule

|

LK
s'ﬁ's
w"
- -

.
e
- -
- v -

Juho Lee, KH, arXiv:1403.2474

| Error of total energy using LDA+DMFT <0.2%!

‘@LDA,C ‘

|(I)LDA +DMFT,C’|
/ --------------------
( b) LT —  Vpe—exact |]
..... Un—1/2) |]
--  0412xU
1‘.0 1‘.5 2‘.0 2‘.5 3‘.0 3‘.5
Rl[a.u.]


http://xxx.lanl.gov/find/cond-mat/1/au:+Lee_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Lee_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Haule_K/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Haule_K/0/1/0/all/0/1
http://xxx.lanl.gov/abs/1403.2474
http://xxx.lanl.gov/abs/1403.2474

SPECTRAL DENSITY FUNCT. T.

In solids, we need further approximations.

Joo many functions needed for accurate description of GF.
G(I’ — R I‘/ Z on OzBXB )

orrendous |mpurlty problem'

o b tinerant states ( sp ) are very
economically described by LDA.

Narrow states ( df ) are much 3 * *

oeiEr aesdrlosd e DIMIET




SCREENING IN SOLIDS

Since we remove
some [tinerant states
from the DMFT,
they screen DMFT Coulomb
iInteraction

RER

effective U smaller than 1/|rr]

Ffective U depends on the type of

model (which states are included/
SellLlelzial n IPIMIFT
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DFT+DMFT

Very happy marriage:

(I)[G] e (I)LDA[IO] T Z ((I)DMFT[ %ocal] = (I)Dc[p%ocal])
1€corr. atoms *

Sum of all skeleton diagrams
for “most” correlated states

(dorf) -
LDA functional DMFT approximation for

‘depends only on the total density locally in 3D-space, the A fUI’?Ct/OﬂG/
functional known only approximately)
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DFT+DMFT

BiMRINISsery expensivel

Can treat:
* 5 orbitals (for transition metal ions)
e / orbitals (for lanthanides&actinides)

Important virtues of DMFT:

oy
R Ml
* | ocal theory (to correlated ion) » Scales linearly with

the system size

For large unit cell (50atoms+),
DFT can be slower than DMFT!

e Can hybridize with arbitrary
number of itinerant states
(can integrate out Itinerant states)

No need to
approximate DF T
bands structure
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TWO ROUTES
||—|ovv to marry DFT and DMFT?'

,O(I'), _VQ i ‘/eact(r) - Vwc(r) + DMFT) EDMFT

1o, 1o,

Downfolding

| Projection &
to small window

VWannier functions Embedding
approximates kinetic energy embedding self-energy to
by a few hopping matrix elements the Iarge Hilbert space
Not very localized corr. states very localized corr: states
N DM ET /
—V? + Vert(r) + Vae(r) — t%B . Zia,z’ﬁ & Z(I’, ’ 2
G(r,r)) = (fw + -V — Ver(v) = Vool
Giaip = ) (i +p -+t = D) DMFT — PG(r,r') |
K 100,10 )

Conceptually simple (model hamiltonian) but
local approximation in this Wannier basis questionable!

Tuesday, June 17, 14

Kinetic energy treated exactly,
local approximation very good \\/

computationally not more expensive




TWO ROUTES

PI"OJGCJEIOIW & ( GCC7GCT ) 2 Z ( ZW+N‘|‘HﬁC ) ‘ _chr >—1
Fmbedding G"e, G 5 Ve | iw+ p— HiT

. Dovv.nfoldmg. Cl— Z(zw 4= ﬁﬁc — )
via VWannier functions: k

Hy"can have arbitrary large dimension
but It can be exactly integrated out
N IMpurrty model

Only (G*¢ I1s needed in DMFT

ne number of correlated states has to be small
while the part treated by DrF 1 can be arbrtrary large
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PROJECT/EMBED

Projection P GDMFT

Dyson Eq.*

/ Embedding £/ f A% YoJ\ also needs
Z(I‘, r ) SOPMET[G L o] local []
LDMFT = (later)

0G pMFT)

Projection: Gag //drdrP (aB, rr’)G(r, 1)
Embedding: Y(r,r') = ZE(rr,aﬁ)Eag

Dyson Eq.: G(r,r') = (8(r — r')(iw + p + VZ — Vigs (r) — Vge(r)) — SPMET (r ')~
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DFT+DMFT

DFT+DMFT functional:

G} = —Tr((Gg* — G™HG) + Trlog G + @-PA[{p}] + "M [{Gloc}] — 7 [{10c}]
i 0
Gol :—E‘FM‘FYZ_VV@@W&
Gioci(rt, ' t") = P,G(rt,x't') local to the atom and orbital */" but dynamic

p(r) = 86(r — r')é(t — t)G(rt,r'¢) static and equal space component

A

Pz' projection

X R
P, = E, embedding

Saddle point Eq.:

STHGY _ k(10 W Sk (/25 WPVNVRY . L (198)

— ST = =
0G GO it Lt (r r) ( ) 5P 0Gioc 5:0loc
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SADDLE POINT EQ.. DFT+DMFT

=k A Th A o Sy 5(I)LDA[{:0}] A—15(I)DMFT[{GZOCH NG/ i\ p—1 5(I)DC[{;0Z0C}]
Gy =G '=6(r—1)(t—-1t) 5 + P G 1= 0(® =T ot iR e
§ ) -
Vs = Gl =G4 =0(r — "ot — t') (Viartree + Vac) Hartree+XC-potential
op just like in LDA
DMFT 5 15(I)DMFT[GZOC]
) =P 50 Embedded sum of all local diagrams (just like in DMFT)
loc
6(I)DC[10ZOC]

Vie=6(r — )6t —t') P~}

double-counting
5,0loc

Functional can be cast into stationary functional of 2x2 variables:

0

P[,O, V;Lnta Gl007 EDMFT] = —Ir log(_a_ - M A v2 =R Vext s ‘/z'nt e ZDMT Sie Vdc) 3l
T

usual parametrization of XC from the electron gas +(I)LDA[P]_TT(V7LntP)‘|’

from solution of a quantum impurity problem  +®PME Gy 1_Ty(ZPMEL G ) —

double-counting —®4c(proc) + Tr(Vgepioe)
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D:WHAT IS 2L )

PROJECT/EMB
Definition of projection:

ﬁfg—//drdr’Pozﬁ,rr G(r,r’)

. projection

= EZ embeddin:
Saddle point Eq. give connection between P & E:
5@DMFT[{GZOCB ] 5(I)DMFT[{GZOCB }] 5Gloc B 5(1)DMFT[{GlocB }] /
e gﬁ: 5Gls 5G(r, r) = %ﬁ: 5Glog Flasey
hence;
Definrtion of Embedding Is: Sae, 7 ) — ZZ P(af,r'r)

= ZE(rr’,aﬁ)Z
Hence the Embedding Is:
E(rr', a8) = P(af, r'r)

We need to define Projection operator only!
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PROJECT/EMBED

Properties of projection/embeding

first embed (. r') =) a5 P(Ba,r'r)

i
then pFOjGCt EOAB://P( r'r)(r, r')drdr’  :

first project / / r'r r
then embed Pl N r'r

Property of a true projector

Projected local

’ : Glocal I',I', % E* pG I',I',
Green’s function: (r, ') S
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REQUIREMENT FOR CAUSAL DMFT EQ.

DIMIPESEE
. — 1 mbal: E 1 —
Y\E% /LOO G(r,r’) Projectionp

Addtional

requirement for

P / E VN //—/1: N A_:
causal DMFT /. (045,”)(@2[; (rr', B0 ) Xarpr )y = Lap PE I>

T projection separable: P(af,rr') = UT(ozr)U(r’ )

requirement 15% — Ut (ar)UT ™ (ra U LB\ U B) = I \//
satisfied '
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REQUIREMENT FOR STATIONARITY (ENERGY)

Projector should not depend on the solution

Return to definition of projector:
G5 = / / drdr’ PlaS, r'r) G(r, 1)

Return to saddle point Eq.

5(1)DMFT[{G10% 1y 5(I)DMFT[{GZOCB 1] 5@2?5 5(I)DMFT[{GZOCB 1

0G(r,r’) azﬁ 5Gf§§ 0G(r, ') = % 6fo§ P(afB,r'r)
ey oP
Here we implicitly assumed that — =0

Je

Tuesday, June 17, 14



POSSIBLE PROJECTORS

1
| tals: Maed = D i) Wil [xar)
Wannier orpitals: e T Gl W) Gl )
Plaf,rr) = 3 W (6) Wi () Yik KS orbitals
k Xa  localized orbitals
5P

Stationarity: ol

BBE SO projector: P(lm, lm/,rr") = Y (2)6(r — 7)Y (@)

Causal DMFT equations: / P(ag, rr’)(z E(rr',8'd)Sa s ) ot = Zas ( ]5% =T )X

rr’ a’ B’

Possible choice: P(m,im/,rr') = Vi, ) RFPA@)RIFPAC) Y (F)
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5(1)DMFT[

IMPURITY SOLVER: ous = 55 S

LW functional:
Limp[{Gimp}] = Trlog (—Gimp) — Tt ((iw — smp — A)Gimp) + B P{Gimp ]

with @[Gimp] sum of all skeleteon diagrams.

« Atomic »

. Electronic
. bath
several orbitals \U

problem with

In the DMFT solution we can compute also the free energy:
FRETOMEL _ Ty log(G) — Trlog(Gimp) + Fimp + EE [p] + ®%¢[p] — Te((Vir + Vae)p)

AL (I)DC[,O[OC] + Tr(vdcplocal)

where: (
Eimp = It

zmp

m
1
Sl Eimp — 6wn Gimp S §Tr(21mszmp)
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CONTINUOUS TIME QMC

MiEiioctol choice for DFT+-DMFT: CTOMC In hyoridiZato
P.Werner, PRL (2007); N. Rubtsov PRB 72, 35122 (2005); K.H. Phys. Rev.B 75, I551 13 (2007) ;

General impurity problem:

/D wT i — fo deO e wa(T)A(T b ol )

Power expansion in terms A, gives series of Feynman diagrams:

Z = Zatomz k'/ dTl/ dTl / di/ di <T7¢a’1 (T{)w(];l (Tl)"'wa; (Tlé)wz;k (Tk)>atom X

oo, a2 o
Aala’l (7_177_{> Aaga’z (7_277_5) e {
Metropolis sampling over the diagrams, very efficient e
because perturbation order is Gaussian in order k
peaked at K/T. 01

0.09 r

Aaka’l (Tka T{) "t i Aaka; (Tka T]:;)

ul=0 —

Virtues: 08 | i —
e Exact method: samples all diagrams! 006 | o
* Allows correct treatment of multiplets 00ty

Hitussaras tunas _L;méf{”m Vi V20 V2 Vo Ve o Py o i 000 |

0

0 10 20 30 40 50 60 70
order k

]. - Y J Y. J
Hso = E 52 [J(] + l) [(1 + l) - I]Cljm.cr('ljm’.cr’fllmcrflm’a/
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BEST ALGORITHM FOR CTOMC

L azy-Skip list
implementation

arXiv: 1403.7214, R Semon, C.H.-Yee, KH., A.M. Tremblay

Fa x Fp x Fg x Fs x Fy x F3 x Fy x F

Q
S|<| p‘hSt L s xFrxFex Fs | Fax F3 X Fp X By —0

Fy x Fy Fg x F5 Fy x Fy - Fy x F

Like transportation infrastructure, each
layer has some extra express lanes for

O

¢  faster updates : update time of the order

J Fg F5_T lf‘d F;;_T F‘d Fl_ Of|og(N)

Fg| F

Lazy evaluation of trace:

expensive part: Trace = Tr(e AT Hyle=Am2Hy o= ATsHpl . o—ATw H)

if nonzero, all Either very large or very small u
Y] S 1
hz|1ve nom|n ~ o S i Flip coin
close to
* P Initial bound

simple estimate of . i e o B
P Trace < dim % e~ 2= ATiE;

upper bound | , Puin - P
recursively can estimate o _ o B o Y Wmmentiowy

better and better bound

Tuesday, June 17, 14



DOUBLE COUNTING

(I)[G] :(I)LDA —I_ Z (I)DMFT[ local] (I)Dc[plocal]

iEcorr * \
J Sum of all skeleton diagrams

local to correlated ions DY approx imation ofthe
LDA functional replacing

! { ! P — Plocal
| DA 2@[G, Vo] —» @5XP4[p, | ,|] Vel
- | i
drdr ull drp(r)ez.(p(r), :
=3/ / |r_r,‘ +/ PE)ere(plr). 1)

DMFT:  9[G, Vel = ®{Guear. Vel [Gii] = 17 s e 1,4<>‘> ©’ +.__

use all graps (Just like in exact solution) but use Q
only Gj and Uc instead of full G and V¢

LDA functional

with  ®LP4[p

IﬂterseCtlom (I)DC(,Olocal) - EH [plocala UC] S /drplocal(r)exc(plocal(r)7 06’)

electron gas interacting with screened Coulomb interaction
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No screening in molecule X

Molecular hydrogen: H, ]

‘0515*.

(I)H [pz;ocal]

<
(I) plocal 9 Z/ plocal i r’ UC(I‘ 4 )plocal (I'/ I')

('.

(I)Dc[plocal] (I)H[pgocal] - (I)X [pgocal] o (I)LDA C[IOZOCCLZ]

DMFT-like approximation

DMFT-ike DMFT-like approximation

for Hartree exchange for LDA correlations

1

2/ p%ocal( )Uc(e /)p%ocal(r/)

— bare
Coulomb

(I)LDA C[plocal] /gc(p%ocal(r))pﬁocal(r)

|
=
(<2}

|
=
00

|
N
o

Total Energy [Ry]

|
N
N

v HF
s LDA
- GW

s HF+DMFT ||
o LDA+DMFT

— exact

Tuesday, June 17, 14

5

r

Juho Lee, KH, arXiv:1403.2474
Error of total energy using LDA+DMFT <0.2%!


http://xxx.lanl.gov/find/cond-mat/1/au:+Lee_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Lee_J/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Haule_K/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Haule_K/0/1/0/all/0/1
http://xxx.lanl.gov/abs/1403.2474
http://xxx.lanl.gov/abs/1403.2474

IN SOLIDS HARDER | SCREENING

approximation: Yukawa form
. Screening computed by GW or

> = Uipeas
Ir — 1’| r — 1/ :
constrained RPA
DMFT approximation:
B{E] =24 s Gl el which means G 52 MEE e
1 _ DMFT_, e and
r — 1’| il

o i LDA,XCrt 4
(I)D = Z (I)f[plocal] R (I)A [plocal]

—A|R|
LDA,XC7 ; ; € ;
(I))\ [piocal] s /‘ch(p;ocal(:[')? |R’ )p;ocal(r>

r

This form of double-counting not yet
implemented for solids
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PHYSICS OF D

Rare Earths:

Inten sty

‘ - - - -
‘3 " - s o & - 1~ E
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WHAT IS COULOMB U

Coulomb Interaction between electrons:

=5 [ [ Sl () @t

Expansion of field operator 4 (r ZgbL r)cro where ¢r(r) set of functions
A 1
U e 5 Z ULl7L27L37L4C.-210'CE20'/CL3O-/CL40-

L1 ,LQ,L3,L4,0‘,O"

where  Uri,r.,0s,0. = /drdr'¢21(r)¢22 (r') T _1 r,,chg (r')or,(r)
Expansion in spherical harmonics: ¢ (r) = Ry(r) Yy (¥)
Exact relation: b _1 i Z 2]{42: 5 r;i Wl ()
Slater Form: Uty o i e 2;1 ] (¥ [ B A (0 [ iy R S

k
Slater integrals: B ity = / ridr / r'*dr’ k+1Rz1 ) Ru, (1) Riy (1) By (1)
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WHAI IS COULOMB U

47 3
SlEle@porm: Ul = o 1 YLa | Yem [Y2a) (YL, | Y, Yis) e
k
Special case =1, =13 =1,

4 *
Unnimamgm, = Z ok + 1 Yim, | Yi,myi—ma Yirma) (Yims, | Yk,m3—m2 | Yirms) Fl]~€
k

1

1 I : :
for |=0:  (ZzI%ml =t =0=—=  hence only k=0 is finite

X i

O e e = e o Biiric only k=0,2 is finite
forl=2: only k=0,24 is finite PO, p2,

e =38 only k=024 6i[s finte’ " RiNmNra
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ORDER OF MAGNITUDE

oo 1 r
=9 / r2drRj (r)= / r'?dr' R2(r') = (
0 0

€2>
-

r

lets take: T = Trp oves. Iy~ 27.2eV

4 —Tr/TrB
lets take H |s: R =4/=e

B

2

©.@) 1 r
B = 2/ rzdrRlZ(r)r—B/ 7“'4d7“’Rl2(’r’) = O.26<€—> ~T7.1eV
0 0

r

O 1 T 2
B = 2/ T2d7“R12(7“)—5/ 7“’6d7“’Rl2(7“') = 0.16<6—> ~4.4eV
0 ™ Jo r
for d-shell we usually define: F? = %JH andis = %JH hence Jy =~ 0.82

1) F2 and F* are not small. Importance of Hunds coupling
2) FVis 2-4 times too large, |4 almost correct
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Rare karths: CO U LO M B U

Ce-U~6eV Fu-U~1 eV

~g
i. " -
oA o
‘—""‘ 4 ¢ 2 s &+ ®
— Sm-U~10 eV - A

: f/. 4‘{1'.\' s-l*-;g"’ |n’b'\"

| 2 T T S e S e
® - - ' Crargy M

> & GdU~12eV.

| . - U=12eV ,._L/ff
S=7
o~
& Y

s ¥ £: + Experiment:
L \——————‘xr—’ F2 and F*screened by 20%
% % = 4 © & FOgcreened much more

Tuesday, June 17, 14

Infensaly
(




COULOMB U

Photoemission of CuO, Cu in d’

J. Ghijsen et al

Phys. Rev. B. 42, (1990) 2268. FO=| Oe\/,J —0.8eV

[ .
g?— !v.:. ':
R R !
F <——«f I?..Ui,,/els " ,-’: .
£ A e 1
E - (S Lke J’ :.‘: "'s\/\ .:
— N Y .
8- l S "a -
’ . :' !
i ‘s G PP F ‘
\—"‘\r\'—/ 4 t;?gfn of 2R

o- Por Cu {d )JQS/’ G‘C I»,1e7

L_'_-fa' T Sy p R A T TS S S

Eraray belew FO fal)
Energy below Ef in eV

Exact diagonalization of the atom gives quite precise position of the
pDeaks
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REFRESH:HUNDS RULES

F2 and F4 ensure Hunds (1,2) rules:

15Y) Maximize the total spin—spin parallel electrons must be in
different spatial orbitals which reduces the Coulomb repulsion.

2"9)Rule then maximize the total orbital angular momentum L. This
involves large m quantum numbers and lots of angular lobes and
therefore electrons can avoid each other and lower Coulomb
repulsion

3"9)< half filled shell J=L-S > half filled shell J=L+S (Result of spin
orbit coupling )

Tuesday, June 17, 14



SCREENING OF COULOMB U IN FE-PNICTIDE

Kutepov, KH, S.Y. Savrasov, G. Kotliar, Phys. Rev. B 82, 045105 (2010)..

=Rl @ el
Fo screened a lot o [ | IS - I=F2 "

: (d) 1{0.006
It 10.005
il 10.004

10.003
10.002

| | —(Usw — Uatom)/ F0 -g.gg(l)
0 5 10 16 20107 10! 10 100
iwn(eV) iwn(eV)

The method of choice:

e extended DMFT equations
* constrain RPA

Tuesday, June 17, 14


http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf

HOW TO COMPUTE SCREENING!

Within RPA world, the “fully screened”
interaction W Is the sum of bubbles:




SIMPLEST CASE, SINGLE BAND

Lindhard formula;

H(I)QPA(q W) Z flex) — f(ektq)

W — Eki+q T €k

Low energy, long o
: , RP Ek) €k+
wavelength limit T @@ =2 = — Z(@Ek) ~D(w =0)

Interaction screened by Yukawa form
Are? e Ve DO)r—r|
[q|? + 4me2 D(0) Wir') ~

Wq—>0 s

o — x|



HOW TO COMPUTE SCREENING!

In exact theory, the “fully screened”
iNnteraction Is vertex corrected:

II4 in general different from Hg

Be =vern s hot the ully screened™ Interaciiehl
BRISRGrcencd Dy the degrees of freedom ROt EEKER
Irite) sieceltin: 27 PIIF
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SCREENING OF COULOMB U

Important: Only screening processes excluded in
BIMIEE scicen L)

Thought experiment:

Imagine we know the exact “fully screened interaction” W.

We also solve the problem by DFIT+DMFT at chosen U.
We compute W within DFT+DMFT and when W
within DFT+DMFT matches the exact W (projected on
DMFET degrees of freedom) we found correct U.

WDMFT B (U—l 2 HDMFT)_l — PP Wea:act



SCREENING OF COULOMB U

Kutepov, KH, S.Y. Savrasov, G. Kotliar, Phys. Rev. B 82, 045105 (2010)..

~

We do not know exact W! o o

1@
EEikeNlise RPA instead. l@)
%{

VWe solve the band structure problem with RPA

(actually called GW)!
We also solve the DMFT problem with RPA (not with DMFT)

Wmodel—RPA " (U—l = Hmodel—RPA)—l — PR P WGW

PO 2
Wlth Hmodel—RPA o Glocal 5 Glocal ‘ —

P B

Tuesday, June 17, 14


http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf

CONSTRAINED RPA

F. Aryasetiawan et.al., PRB 70, 195104 (2004)
Similar idea but cutting In space of bands, instead of

projectors

___ 17rest low
g = Hq + Hq o

rest: high energy bands U=0

2

V il 4de
q 2
o |q| Glow

EF low-E bands U=0

rest: high energy bands U=0

R Good for Hubbard model U.
Not good for all electron DFT+DMFT:"rest” states that have no explicit U In
DMFT, but interact through DFT by Hartree and XC functional and screen W.
In materials with entangled bands, it leads to ridiculous small U's
Cerium alpha phase U<0.5eV.
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IMPORTANCE OF HUNDS COUPLING

m LaFePO ® VO, (rutile metal)

O BaFe,As, O V,0, (metal) '

> La,CuO, «-(BEDT-TTF),Cu[N(CN),]Br Most of theorists at
A La, SrCuO, (x=0.1) k-(BEDT-TTF),Cu(SCN), : - :

< La, SrCuO, (x=0.15) ® SrRuO, the beginning of iron
v La, SrCuQ, (x=0.2) O SrRuO,

% NdCuO, cro, era (2008) were

+ Nd, Ce CuO, (x=0.1) Cr :

X Nd, Ce CuQ, (x=0.15) 3% MgB, prOpOS|ng Weak
N oo NS S correlations in

i Correlated Metals Conlclletrltllonal . d

© etals

22 O, 2° . DNICTIdES

£ » A 4dvy

= HHH — & *

O

s — 1 . 1 . 1 . 1 ., |

0.0 0.2 0.4 0.6 0.8 1.0
/| K

exp band

mass enhancements of optimally doped Why?
cuprates and iron pnictides very similar.

D. Basov, R. Averitt, D. van der Marel, M. Dressel, KH, RMP, 83,471 (2011)
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One particle spectra of Hunds metals (pnictides)

i BaFesAso
—— LDA: Fe,3d
4 (Q) w— DMFT: Fe,3d |-
> /\ DMFT: total
3
~
.
A 2
@)
0,
0 = n —
1.4 — LDA: As,4p
_ 12} (b) —— DMFT: As,4p
D 10
—~ 0.8
D 0.6
8 0.4
0.2
0'0-6 -4 2 0 2 4 6
w(eV)

Renormalized q.p. peak

High’ energy not very different from LDA

No clear Hubbard band in one particle spectra
Many theorists took this is a sign of weak correlation strength
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Importance of Hund's rule in pnictides:
Hunds Metals

Significant Correlations in pnictides:

effective mass 3—-5 band mass
KH, J.H. Shim, and G. Kotliar, PRL 100, 226402 (2008)

Hubbard U not important

The Hund’s coupling brings correlations!

KH, G. Kotliar, arXiv:0805.0722 (2008)
New Journal of Physics, 11 025021 (2009).

60

U
o

9

v (mJ/mol K™ )

N
o

—
o

LDA value

/(POO 005 0.10 015 020 025 030 035 040 045

JHunds

For J=0 there is negligible mass enhancement at U~W!

Tuesday, June 17, 14
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Histogram of Hunds metals

0.05———

In oxydes, only a few atomic states
(one in each valence) with significant
Probability

0.04

0.03}

In pnictides, many states with large

probability —> charge fluctuations are
not efficiently blocked by Coulomb U.
(more itinerant system) 0.01f

Probability

o
o
n

States with high spin more probable ) I
than those with low spin —> gives rise to

non—Fermi liquid physics at intermediate

temperatures, and heavy quasiparticles at
Low temperatures.
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Mass enhancement & Magnetic moment

Z.RYin, KH, G. Kotliar; Nature Materials (201 1)
Correlation diagram of Hund s metals Static ordered moment within LDA+DMFT

v —&@—xy &l
—— xz/yz . 2.5
% EXP optics
NE —@— SDW DMFT
i W EZXP (ARPES | 2 oBX —— DSDW DMFT
5L o JlE % SDW EXP
£ I ] 245 Yr DSDW EXP
A 11§ & EXP
o PM fluctuating moment
- | 1 €10
3|« , 1 S
ok ¢ T 9o o 4 ,., L - 905 (b) + *
() j{ = \/
1k_Tel 11 1221111 122 FeP- "%k Teise ™ YiTt W22 di11 422 F :
£° PrePrap §F 3P W W D F F P 4 © ofV P 3P f Y 27 O X K
<% (o o O &% 4V o oV K ¥ ¥ 4O (0 < " ? ? P ¥ ¥ 2 Y K ?
S I EEF L LS S (& CEIFEEF E L LS
Compounds | Compounds
Mass enhancement substantial Static ordered moment very small

Electrons have dual nature

moment<—>mass

Good agreement with experiment!(fixed Some similarity, but also many differences!
U=5eV, J=0.8eV determined by first principles

NO FITTING PARAMETER
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http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf

Large fluctuating moment

Fluctuating moment by neutrons: <,LL2> — / d?wn(w)x"(w)

M. Liu, et.al., Nature Physics 8, 376-381 (2012)

Experiment by Pengcheng Dai :
ol f.m. in DMFT === BaFe, gNiy As,
40 4 ® S5KBaNigFeAs) . j == BaFe,As,

o o 7K BaFeyAs) —— /T\
5 . © 30K BaNig 1 Fe 2As > :‘:+_ 3
3 30 1 - 4 *
[ - .7 2
) 0O 4 —— +
. e - >
< 44 4 S
Ol N - ~1.8 g/Fe + | <
Y B ki up to 300meV —+- ,r’,’——” f.m. in RPA calculation

= = - - 3 =" (U=0.8eV, J=0.2eV)

0 100 200 300 0 160 2(50 360

Energy (meV) E (meV)

Large fluctuating moment can not be explained by a
purely itinerant model - property of Hundsness!

The DMFT account for a dual nature of electrons in
Hund's metals: itinerant and localized nature.
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Dynamical structure factor of BaFe)As)

Spin wave for Heissenberg model

e)
0.4 DMF
200
% 150 —
E 0.
W 100 - % 416
S04 @ =150k S—
0 < :?;::‘f:’:'Model > 15
1 T - ()
15 10 -05 (10 e 0.2 4
(1. K) (r.L.u.) Q S |
a) om =3 _ ., £L——)\]
¥« Very ar o =
Q 0.1 . ol o P -
Jo f SJ —_y E ) . o me——
~
y la Black dots —Exp

O
o

Colory Th
| olory Theory J Iy

‘0,0 (1,00 (1,1) (5.5 (0,0

; . 2~ | %
Leland W. Harriger, PengCheng Dali et al., PRB 84, 054544 (2011).

| @T~ﬁ SJlb ~

a

5(g,w) In paramagnetic phase similar to AFM phase!
No anysotropy needed (above T¢) to explain neutrons.
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I heoretical Magnetic excrtations
Doping variation " 00

electron doping hole doping
< >

To < QK: Tc = 20K AFM Tc = 39K TC — 35K

n )
£(I2e2Asz 1 4

$

o' o

y

o
—

Frequency (eV)
o
%]

0(8,0) (1,00 (1,1) (5.5) (0,00 (1,00 (1,1) (5.5 (00 (1,00 (1,1) (5.5 @0 (1,0) (1,1) (5.5 (0,0) (’B) (1,1) (5.5 (O
(H, K) (r.l.u.) (H, K) (r.l.u.) (H, K) (r.L.u.) (H, K) (r.l.u.) (H, K) (r.L.u.)
el oyerdoped.: Optimally doped: hole overdoped:
s eyl excitations Commensurate low energy low energy spin excitations
very weak strong low energy T
and become incommensurate strong high energy and incommans e

(f)BaFe2As2 (Mm)Bao.6Ko.4Fe2As2

(k) BaFe1.7Nio.3As2 (l)BaFe1.9Nio.1As2

0 05 1.0 0 05 1.0
Hirlu) Hirlu)
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IMPLEMENTATION

DFT code based on Wien2K: http://www.wien2k. at/

) http: / /www.wi ien2k. at/

ﬂice mC][") UC]/: Adding a new dimension to DFT calculations of solids ...

http//www.wienZk.at/reg user/textbooks/usersguide.pdf I 2

P. Blaha, K. Schwarz, G. Madsen,
D. Kvasnicka and J. Luitz

[4 ‘ 1>J [{E}J "+ A http://hauleweb.rutgers.edu/downloads/

DMFT part and interface N\ /
developed at Rutgers: MaterialsDB

N

~

DMFT-LMTO Online RBDDﬁ{QﬂI .

http://hauleweb.rutgers.edu/ T SR S——

Download the DMFT-Wien2K source code

dmft w2k.tqz
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http://www.wien2k.at
http://www.wien2k.at
http://hauleweb.rutgers.edu
http://hauleweb.rutgers.edu
http://www.wien2k.at/reg_user/textbooks/usersguide.pdf
http://www.wien2k.at/reg_user/textbooks/usersguide.pdf

TUTORIALS

http://hauleweb.rutgers.edu/tutorials/

® OO0 DMF

[ ) ['}] [Q] [ﬁ‘] [E"] (0 hauleweb.rutgers.edu/tutorial
=2 [IJ 23  Advanced Re... U-M (ARC) Farmers' Al...ng Calendar Superconduc...he Iron Age
l DMFT_W2K Tutorials

DMFT_W2K Tutotials and Installation Instructions

Installation
Overview

(s}

o

e Tutorial 1 on SrVO3
e Tutorial 2 on LaVO;
. 3
o

Tutorial 3 on elemental Cerium
Tutorial 4 on Srzm&

These are tutorial for the DMFT_W2K code by Kristjan Haule. For questions of comment:

Several tutorials to get you familiar with the code.

Starts with very simple cubic system, to Mott insulator that
requires rotated local basis (LaVO3) to most sophisticated
>d system which requires rotation and local transformation
to |=|/2-like states.
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http://hauleweb.rutgers.edu/tutorials/
http://hauleweb.rutgers.edu/tutorials/

DFI PART

init_lapw :p°™(r)

run_lapw == ' X lapwO : Vet (r) p(r) = Vis(r) '
x mixer: p*® + p*¢, p”%(r) — p”““(r)' X lapW |1 Vics(x), Veat(x) — 27T, 42T

X COre 1 Vikg(r), Vext(r) = peore(r), Ecore] X lapWSsO :

adds spin-orbit

. DFT  DFT [
X |apW2 €k i ,wk,i — Pm (I‘), e
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DFT+DMFT COMBINED

DFT(I,)

run_lapw :p

run_dmft.py == ' X [apwO : Vet (r) p(r) = Vies(r) !
x mixer: pP® + peore pld(r) — p”ew(r)' X lapw I: Vies(r), Vear ()

X COre 1 Vikg(r), Vext(r) = peore(r), Ecoref X lapWSsO :

DFT | DFT
_>5k,z’ 7¢k,z’

adds spin-orbit

X_dmft.py dmft2 :

SPMET (00), eRFT HRTT — p*(r), Byatence

X_dmft.py dmftl:

SPOMFT (i) ePFT $PFT _y GPMFT (1) A(u)

impurity solver: CTQMC,OCANCA
A(w), Bimp — Z(w), GPMEL
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dmftl step

Input output

DFT
Z(w),gk,i y ¢125T_> Gloca.l,A(w),Eimp

1) Constructs projector:  P(rr’,7LL") = YL,(£7)d(rr — 7)Y/ ()

2) Embeds selt-energy: ¥, ;i (w) = Z Pir (ji, TLo L) (27, 1, (w) — EJ,)
7,L1L>

3) Calculates local Green's function and hybridization function

GlocalEL’ — Z Pk'r(ij7 LL/) {(Zw + H— €k — ik(w))_l]

'.'I:
=5 J

_ { !
- |w—El - Y7(w)— AT(w)

rmp

LL’
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dmft2 step

Input output

L), ek, Vs == Peai L (T), Evalence

|) Constructs projector:  P(rr’/,7LL") ~ Y, (,)0(r; — r.)Y; (3))

2) Embeds self-energy: Tk,ij(w) = Y Per(ji, 7L L) (3T, 1, (w) — E7,)
T,L1L,

3) Solves Dyson Eq. (=2 4 Vs (r) + Tk (w)) ticw,i(r) = e2MF Ty, i(r)
1

M — Ekw, i

4) Determines chemical potential: Nyas = TZ —

w
n?

5) Calculates DMFT electronic charge in 3D space:

pPMFT _ N yDFT (1) 5 Ty [(M - e — mw))—l] X YPFT(r)

k,2g W

6) Calculates valence kinetic energy  E,uience = Tr((=V?* + Vi g)pZ i)
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EXAMPLE |:lsoStructural transition in
Ce metal

Total 8
6 4:5/2 ' Total
a1:7/2 , 4£:5/2
a£:7/2
s |
6
1200

to 30 GPa, 1350 K

e ts") + mC4 (a”)

1 1 1 L 1

6 8 10 12 14

‘WL.‘ILA

: ‘——x—-r __‘

W L A T A X Z W K
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EXAMPLE2: Mot

800
i — 10K
< 600 293 K
g a el Excitation

- insulator LaVO3

1 ELlc 1
0 1 2 3 4 5

Photon energy (eV)

optical conductivity

Perovskite V-system with 2 electrons with a gap ~ [.oeV

onV atom which localize

20
A |
[\
10 JA [ |
' VIQ /"',
-10 0
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Total
Vid

- - .
:"lu\ - A. e ‘

-y -

-d

3
(0,0} (Ox) (=,=,0) (0,0,0) (00=) (Omxm) (m7w) (0.0.0)



LECTURE BASED ON

BENEI@Ral view on DF 1 +DMFE

Rev. Mod. Phys. /8, 865 (2006)
G. Kotliar; S.Y. Savrasov, KH,V. S. Oudovenko, O. Parcollet, and C. A. Marianetti.

EEmentation of DF | +DMET:

Phys. Rev. B 81, 195107 (2010), KH, Chuck-Hou Yee, Kyoo Kim.

Impurity solver:

Phys. Rev. B /5, [55113 (2007), KH.
arXiv:1403.7214: P Sémon, C.-H.Yee, KH, A.-M. S. Tremblay

Screening of interaction:
Phys. Rev. B 82, 045105 (2010), A. Kutepov, KH, 5.Y. Savrasov, G. Kotliar:

http://www.physics.rutgers.edu/~haule/509/

Eelliclectiure notes:

http://www.physics.rutgers.edu/~haule/68 |/
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http://www.physics.rutgers.edu/~haule/papers/rmp.pdf
http://www.physics.rutgers.edu/~haule/papers/rmp.pdf
http://www.physics.rutgers.edu/~haule/papers/qmc.pdf
http://www.physics.rutgers.edu/~haule/papers/qmc.pdf
http://www.physics.rutgers.edu/~haule/papers/dmft_wien2k.pdf
http://www.physics.rutgers.edu/~haule/papers/dmft_wien2k.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/papers/PhysRevB.82.045105.pdf
http://www.physics.rutgers.edu/~haule/509/
http://www.physics.rutgers.edu/~haule/509/
http://www.physics.rutgers.edu/~haule/681/
http://www.physics.rutgers.edu/~haule/681/
http://xxx.lanl.gov/abs/1403.7214
http://xxx.lanl.gov/abs/1403.7214
http://xxx.lanl.gov/find/cond-mat/1/au:+Semon_P/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Semon_P/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Yee_C/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Yee_C/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Tremblay_A/0/1/0/all/0/1
http://xxx.lanl.gov/find/cond-mat/1/au:+Tremblay_A/0/1/0/all/0/1

THANK YOU!



