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* Projectors and locality of correlations
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G. Kotliar; S.Y. Savrasov, K Haule,V. S. Oudovenko, O. Parcollet, and C. A. Marianetti.
Phys. Rev. B 81, 195107 (2010), K Haule, Chuck-Hou Yee, Kyoo Kim.

« Exact double-counting of DFT+EDMFTF (PRL 115, 196403 (2015)).

PART 2 EDMFTF

* Stationary free energy functional (within Embedded DMFT approach) for structural
optimization, PRL115, 256402 (2015).

* Implementation of Forces within E-DMFT functional for optimization of internal

structural parameter; (Phys. Rev. B 49, 195146 (2016), K Haule, G.L. Pascut)
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* Projectors and locality of correlations



Theoretical Perspective - Correlated Matter
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Non-interacting electron system Fermi liquid system

Electrons have dual nature, partly itinerant and partly localized

" Need to incorporate the real space perspective: electrons are not just waves
but are also particles — localization due to interaction.

B The electron density rho is not quite enough to describe the situation. We need
to think of electron spectra — Green's function.



Reminder: LWF and indirect approach i.\:

Basic variable is Green’s function: == dynamic analog of charge density

G(rr,v'r') = (Tt (' )(r,7))  p(r) = G(rr,r7)
Luttinger—Ward functional (1950):

F{G} = -Tr((Gy' — G™HG) + Trlog(—G) + ®{G}]
material dependent term D

- universal functional
Go_l(r, r') = [w+ u+ V2 — Vewt(r)]8(x — 1) independent of material

expressible by the perturbation theory

® |G| Is asum of all connected two particle irreducible
Feynman diagrams (skeleton diagrams).

O @l .
|G| = 127 +12 +1/4g+... O b, cgend @




Other approaches in LW language

Density Functional Theory: (I)[{G}] — EH [p] -+ EXC’[,O]
Exact DFT appears as \

an approximation to the Green'’s function!
Exc[{p}] local to a point in 3D space in LDA —

0, 2

Hartree—Fock approximation: (I)[{G}] = 1/2®| +1/2 % %

& >§_ i

(F;S\I/A\& [{G}] (I)HF —|- 14 | ;+1/30 Q'"“L"'H/ESQO,QO*"- %?;;
| S @

Oynamical Mean Field @[{Cyy}] & Bia[{p}] + #{Ci)]

all local Feynman diagrams
(in fully dressed perturbation theory)
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DFT In the LW language

We can get DFT by ®{G}| — Eglp] + Exc|p)
The LW functional then leads to identical equations as DFT.

Exact DFT gives exact ground state energy and charge density. But in this
approach DFT is an approximation for the Green's function, which gives
an approximate spectra, 1.e., bands. The spectra can then interpreted as

physical within such approximation for ®|{G}]

The fact that bands are very reasonable within LDA/GGA is
an indication that correlations are very local in real space.

Weaker statement : The picture in which correlations are treated as
local is very good — convergence faster when considering local
correlations rather than long range correlations.



An illustrative example of local correlations
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Functional Point of view

h‘.lll'l'ﬂ..}'lil‘-l’

DOMET for lattice models:
®{Gij}| — Z‘P[{Ga}]

i IS Site or cluster

DMFET for continuous problems:

G} = > P[{Pr,G}]
R;

Need to define projector to site (or cluster): pRi
DMFT is projector dependent approximation



How Is correlation potential determined?
Solid with 1023 | DA *

electrons To determine e-e correlation
potential,
each point in space
is mapped to

@< “uniform positive
“ background

< electron cloud

© © ©
©® .0 0
© ©

Electron gas problem

In DMFT we want to litt the restriction and compute all
correlations local to a given site (not given point in space).

A

P @ @ ¢
Ri > Q# Q

9-0-0-

projector defines what is a “site” in DMFT,
typically an 1on with open d of 1 shell.



The continuous DMFT problem

DMFT approximation:  ®[{G}] — Z ®[{Pr,G}]

N continuum requires dlscretlzatlon of projector,

Pr, — Pr,(af) = /drdr’PRi (afB;rr’)

for example:  Pr,(af) = /drdr’¢a(r —R;)¢3(r' — R;)

where ¢q(r —R;) = (r|¢},) forms a basis on a given atom

so that:

locat (1,1') = D (r]64,) (901G o) (8)1r")
ap
quasi atomic orbitals

(locally complete set) «, B are orbital-spin indices



How local are correlations?

Correlations are local in large ¢
where DMFT Is exact -- VWeiss

I it :
Z J;iS:S,;
1]

What about finite

(large connectivity z)

mean field theory

D! What about 0!

Molecular hydrogen: H,

H-> molecule: O2__ o



How local are correlations ?
0-D test of the single site DMFT.

Molecular hydrogen: H,
Archetypal problem of strong correlations:

DMFT exact in © D, or large connectivity Z .\’\).
@

It Is not expected to be good for low—D problems
(like H2 molecule)

HF+DMFT
_16 LDALDMET R—Hartree—Fock fails
(both electrons at the same nucleus)
<
>
_D_i. —-1.8 .
> — — DA and GW fail at large R too
5 -
LI_CJ e i R some cluster corrections needed at
L; - — — the breaking point of the molecule
|_
s 4 LDA
ol -- GW | DMFT captures exact atomic limit
s 8 HF+DMFT accurate at large R!
e o LDA+DMFT
exact
1 2 3 4 5

R[a.u.]

Juho Lee, KH, PRB 91, 155144 (2015). Error of total energy using LOA+DMFT <0.2%!


http://xxx.lanl.gov/find/cond-mat/1/au:+Haule_K/0/1/0/all/0/1
http://xxx.lanl.gov/abs/1403.2474
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DF [ +Embedded Dynamical Mean Field Theory 4
: " b
Functional % D
F[G] =1r 1(}G o Tr((Gal o G—l)G) T EVHC+XC[IO] I (I)\l/zA])fTFT[Glocal] B (I)VHDA;i{C[plocal]
Green’s function T T T
Go ' = liwn + 1+ V? = Voo (r)]6(r — 1) sum of all “local”  double-counted
non-interacting part of G Feynman diagrams interaction
Hartree + XC  for correlated ions. (we know exactly)

functional

I'[G] Is stationary and gives free energy of the system.

5E[GG] — (0 because G ' — Gal -+ VH+XC5(I' — 1'/)5(’7' — 7',) T
A 5(I)DMFT [Glocal] A 5(I)Dc[plocal] / N
o 5Glocal - 5plocal 5(r - )6(7- - )_ O‘

Stationarity : 1st order error in G leads to 2nd order error in free energy.

Note: Migdal-Galrtskil formula gives non-stationary total energies in DFT+DMFFT.
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Embedded Dynamical Mean Field Theory Functional

IG] =TrlogG — Tr((Gy' — G™HG) + EXT ] + @M T Grocar] — 5 [procal]
We extremize a DFT-DMFT functional in real space: no need
to build tight-binding model Hamiltonian ( Wannier orbitals ).

uniform positive
LDA background

Solid with 1023 To det.ermlne e-e N f
electrons correlatlc?n Potentlal, @. Q@ QK electron cloud
each pointinspace | __—» -
is mapped to the uniform - Q@ Q@ 9 4 Auxiliary problem is a
electron gas problem. R non-interacting problem
Q-9 -0 in self-consistent
s medium
To determine e-e E_D M FT
correlation potential, T electron cloud
each atom is mapped to Q. @ QC . L
auxiliary quantum 8 | Interacting lon
ALY, > v # < Auxiliary problem is a
problem - 0-Q- “interacting atom”
in a self-consistent

medium/entanglement

Note: The trick of mapping is used only to determine the exchange-correlation

potential, while the kinetic energy and Hartree term are always treated exactly. Quantum impurity model
solved by Monte Carlo




Embedded Dynamical Mean Field Theory Functional

Detalls on extremization:

J B J —1 _ 5EX1;IC+XC[p] 5ZR1 (I)VDMFT [{f drdr,gba (I‘ - RZ)G(IT,)QbZ (I'/ - RZ)}]
saT{GY] = 55 (Trlog G = Tr((Gy ' = G NG)) + e e
Y g, OUEXC [{[ drdr’ g (r — Ry)pler' )85’ — R
0G
or
0 — (1 —1 E‘ch—i_XC[p] / / r) =4(r —r')d(r — 7G(rr,v'7’
GG =G =Gyl + — e ——3(r = x)o(7 = 1) (pr) = o —x)o(r = 7)Glarx'T")
0P G! /
n Z VDMFiT [{ local}] o (I‘ B Rz)(bZ(I‘ B Rz)
af 5Glocal5a
5(1)5;]\5(1:2 [{plocal}] IN 1k (]
—gﬁ: SPtocat Pa(r —R;)O(T —7)9p(r —Ri)} = ()
finally
G = Gy = Vi xo(0)d(r — ©)6(r — ') — {xldi) (577 — VPO) 5 (61 )
m 5(1) DMFT Gioca 5(I)H+XC oca
where T’ = —22 Weeatll 14 Vi = —purer Atocat}l 5y

local Ba 5plocal5a



Embedded Dynamical Mean Field Theory Functional

67! = Gy = Virexe ()00 —¥)olr — 7)) = (£joh) (577~ VP)us (051

DFT quantum impu?ity 5. embedded

' 0Py {Gloear ]
Ezmp _ DMFT local
where — Zag el

local B

5(I)H+XC [{plocal}]
and VaDC _ VomrT
& 5plocal5a

6(1 — 1)

On each correlated site R;we have to solve a simp _ 9PVoyrpr {Goear}]

quantum impurity model with o8 orbitals W 0Gpa
And Embed self-energies to continuum space i\ wimp /i
N - ’ (x|6%) S5 (@51r')

Notice that once the projector is defined,
embedding Is uniguely given by the same matrix

elements of  pp (a8 rr') = oo (r — R,)¢5(r — R,)




REQUIREMENT FOR STATIONARITY

Projector should not depend on the solution

Return to definrtion
of the projector:

Glocal,Ri,aﬁ — / ,PRZ (aﬁ;rr')G(rr’)

Return to saddle point Eq.:

5(:[)DMFT[{GZOCCL[,Ri}] / 5®[{Gl06al,Ri,aﬂ}]

0G (rr’) 0Glocal R;.af
o 5P R
Here we implicitly assumed that ~= =0 or %(I('S i) _ |
otherwise more complicated terms would appear... g
. oP . . . . .
Requirement: <= =0 Isnot satistied with Wannier functions

because they essentially depend on the charge, and hence on G.




REQUIREMENT FOR CAUSAL DMFT EQ.
DMFT SCC. |

Glocal — P - Gimp
iw+p+V2 Vo — Vg —Vxo — BE(Z = Vpo)  iw—X—

G( Pr01ect|onP GSB]MFT \ / I
>, — —100 & A — constant
Embedding E : :
XJ(LD‘_ . 5<1>DMFT[GDMFT]' left has to cancel with right
DMFT = 5G oter

ReqL“res for / PR Oéﬁ I‘I‘ Z 7) O‘ﬁ rr )ElocalR aB) (Zlocal,Ri);ﬂl ( PT —
causalrty Ryt

f projection separable:  Pr,(aB;rr’) = ¢o(r — Ri)d5(r" — R;)
Define:  ¢,(r—R)=U(a,r)
Satisfled: PE™' = UU'UT'UT =1 \//

AT PIOICCLON b1yt xr') = i (£)0(0 — Vi () X
non-separable:




SUMMARY: PROJECT/EMBED

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

P . t- a
G(I'7 I'/) Mrojec caleif Glocal,Ri,a8
Dyson Eq.*

Y(r,r")

5@[{Glocal,Ri,a5}]
5Glocal,R¢,a[3

Zloca,l,RZ-,Boz —

DMFT in continuum problem (Project/Embed):
Projection:  Giocal R, a8 = /drdr'PRi(ozB;rr’)G(rr’)

Embedding:  S(rr') = > Pr, (a8 1) Siocal,R; 0
R;,apB

Dyson Eq solved G(r,r') = (5(r — ') (iw + p1 + V2 = Vis (r) — Vipo(r)) — SPMFT (5 p/)) 1
in large Hilbert space: 5P

Requirements: — =0 and projector must be separable

oG


http://www.physics.rutgers.edu/~haule/papers/dmft_wien2k.pdf
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* Projectors and locality of correlations

* Exact double-counting of DFT+EDMFTF



Double-Countin

Approximation A Approximation B

(DFT)

Some part of exchange/correlations counted in both
approximations.

Important : Determines the oxidation state of correlated ion

only a degenerate Hubbard model approximation can “avoid” this problem



Temperature (K)

Metal-insulator transition in FeO (earth core)

High-spin to low spin  Isostructural MIT in FeO predicted by DFT-DMFT theory.

transition occurs only in weomawx  weommaoc
correct d® valence state —1 .
of iron.
high-spin : insulator | |
low spin : metal e R R

E (eV)

(c) 13 GPa, 2000 K
3300

2700 r

DOS (states/eV/cell)
DOS (states/eV/cell)

2100+ /

—
(o)
o
o

900 r

DMFT predicted MIT in FeO

Kenji Ohta, R. E. Cohen, et.al., PRL 108, 026403 (2012)

300
150

Pressure (GPa)



Importance of correct valence in RNIO3
_— P21/n
insulating

Basic physical picture:
The chemical picture suggest Ni d7 configuration.

Bond disproportionation: Nii is in d8 with S=1 while
Ni2 +two ligand holes d8lL, with total S=0.

“Site Selective Mott transition”, _,
Hyowon Park, Andrew J. Millis, and Chris A. f | uctuatin g m.

Marianetti, Phys. Rev. Lett. 109, 156402 (2012) .

G.S iv 1608.01 I
awatzky, arXiv 1608.01645 small effective

moment
Other approaches postulate dé and

can not justify without experiment.

The exact double-counting gives Ni d8 configuration.
Haule & Pascut, ScientificReports7(2017)10375.

With two holes in the high-spin state, Hund’s coupling
induces strong correlations and Mott physics.



Double-Counting

PG PES T UpH + D Pvpurrr {Glocar] = V0 ey {Plocar}]

Exact R;ccorr
functional 1 *
approximated Sum of all skeleton diagrams
LDA functional local to correlated ions DC : intersection of DMFT

| and LDA approximation
Hartree:  BiLlo} = [ drar'Ve(le - ¥ Doe)ptr’)

2 p ¢
| DAXC: Pvel{G} — Ex¢"[{p}] = / drp(r)ey; (p(r))

POMFT sums all Feyn. graphs (just like the exact ®)

DM FT (I)Vo [{G}] — (I)VDMFT [{Glocal}] but uses only Giocal and screened interaction
instead of full G andVc

v y e O OO
pymrErT(r—1") = Py~ B[Glocal R,] = 1/2@ +1/21i +1/4ii©l;i+..i./:";2;/\:_ |

example of screened Coulomb repulsion l



Double-Counting of Hartree

1
Exact Hartree: E\I;C p] = = /drdr’VC(]r — r’\)p(r)p(r’)

2 \
LDA approximation DMFT approximation denS’ty pr ojected &
s S interaction screened
Exact Hartree Hartree term included - p%Pp&VC_)VDMFT
H 1 / / / \ \
Evelel = 5 [ drde'Vo(lr —r'[)p(r)p(r')

Efiwerll = 5 [ deds'(Po))(Po(e)Vonrer(x — )

This approximation for Hartree term appears in @PMET

Double counting to subtract is the DMFT approximation for the Hartree term:

BRG] = 5 [ drde’ (Pp(e) (Ppl ) Vorrer(x — ')



Double-Counting of Exchange

1
Exact Exchange:

/

LDA abbroximation: excharjge of electron gqs,
~ l matching electron density

2

Ep = (2m%p)?/%/(2m) and

3k N
0 AN ik(r—r") .

1

()

EX[p) = -1 / drdr’p(r, ' )p(r', F)Vo (|r — 1))

NN\

DMFT approximation

density projected &
interaction screened

B e ) = =5 [ drde'(Pote.e)(Pp(x’0)Voasrr (')

m
EXpalo] = — - / drdr’ o (v, ' )p* (', 1) Ve (|r — ')
0.9163 Ry
Ei(DA[p] - 3 1/3
(EP)

Bl o)) = 5 [ drar (Z (¥160) (00l p 160 <¢fn,\r’>> ( > 516 (S| S <¢fnm\r>> Vourr(r — )

=—5 D (uleldh) (D lplgnm) / drdr’ ¢, (2) b (v )Vparpr (v — 1) pn (1) 7, (1)

m,m’ ,m’’ m'

:_% 3

m,m’ ,m’’ m’’

pinm/ pin//m/// <¢fn/// ¢;L,n/ |VDMFT ‘ ¢fn// ¢£I’L>



Double-Counting of Exchange

1
Exact Exchange: FE*[o] = -3 /drdr'p(r, r')p(r’, r)Vo(jr — r'|)
Ah/ | DMFT approximation denS/ty proj ected &
LDA approximation; <*"9N&€ of electron gas, | =TT e INTEFACHON SCIEEN ed
- l matching electron density _p—=Pp & Vo= Vpurr -
Er = (2520)/%/(2m) and NN
3 2 . 1 1T / > / /
22 (e, 1) = / (;iw]; pik(r—r )f(gk— — Ep) By en ] = ~3 /drdr (Pp(r,r'))(Pp(r’,r))Voymrr (v — 1)

1
Efpale) =~ [ dede's(e.x) (' 1)V - )

Intersection of both approximations: apply both approximations to the functional

| ) Interaction is screened in DC term
2) Use projected density in DC term
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Double-Counting of Correlations

KH, PRL 115, 196403 (2015).

(I)emaCt [G, VC] (beyond Hartree)

N
LDA approximation DMFT approximation

///’ ~.

map to electron gas problem point by point in exact ®@ replace = G — PG
l l LVC — VoM rr
Eelectron—gas [/07 VC] — /dI’p(I‘)&Xg (p(I‘)) ¢VDMFT [{GlOCCLl }]

\ /

intersection of both approximations:
electron gas problem with
projected density and screened interaction

o v
Eelectron—gas[Pp = Diocs VDMFT] — /drploc(r)ggDMFT (ploc(r))

1
DOUble (I)Dc[plocal] — 5 /drdr/plocal(r)VDMFT(r _ r/)plocal(r/) =+

counting:
2 T / 0 D1ocat (F) VPP [pjoea (1)

electron gas interacting with screened Coulomb interaction
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Summary for Double-Counting

c "tf
i

EDMFTF Functional:

F[G] =TrlogG —Tr((Gy' — G HG) + EJ T[] + @Y ' [Grocal] — 3 [procall

Vowmrer

Double-counting functional:
DMFT approximation on LDA functional OR LDA approximation on DMFT functional :

1
DXy eal] = = / drdr’ procal () Vo rr(r — ') procai (r') +

Voumrr 9
[ dtprocat ()X (6]

electron gas interacting with screened Coulomb interaction!
only the DMFT charge density enters.

KH, PRL 115, 196403 (2015).
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* Projectors and locality of correlations

* Exact double-counting of DFT+EDMFTF

PART 2 EDMFTF

* Stationary free energy functional (within Embedded DMFT approach) for structural
optimization, PRL115,256402 (2015).




PART | EDMFTF

* Projectors and locality of correlations

* Exact double-counting of DFT+EDMFTF

PART 2 EDMFTF

* Stationary free energy functional (within Embedded DMFT approach) for structural
optimization, PRL115,256402 (2015).

* Implementation of Forces within E-DMFT functional for optimization of internal

structural parameter, (Phys. Rev. B 49, 195146 (2016), K Haule, G.L. Pascut)



https://journals.aps.org/prb/abstract/10.1103/PhysRevB.94.195146

DFT : The best Independent Particle Approach

Very useful : each electron interacts with an effective potential that mimics to some extent the
effects of the other electrons.

We do not target the wave function, but rather the charge density, or the single-particle
Green’s function (spectral function). The two particle correlation function is almost
always enough, rarely we need to go beyond the two particle correlation function.

Independent particle approach (within DFT) gives total energy and charge density very well,
spectral should be unphysical, but in and simple metals and band insulators it is quite good.



DFT STRUCTURAL PREDICTIONS: SIZE OF THE IONS / UNIT CELL

Wigner-Seitz/radius (a.u.)

Crosses: experiment
black lines: DFT

DFT predicts very
accurately the size of unit
cells in 3d&4d elements.

K Sc \' Mn Co Cu Ga Rb Y Nb Tc
| 1 | | | | | | | I
5.00}-
] 3d elements
4,00
f slight over-binding
3001 x by DFT
r_
0.00 : -
ou
(} =
50 ‘\‘ 2
=\ -+
X q 4f and 5f
— ‘\ r; ‘\‘ -
g .\‘ !1 \\
©
T
(4]
-
=
°
>

0.4
Band Occupancy Ratio, n/N

1.0

4f elements are essentially
localized - no binding versus filling.

essentially atomic physics.

early 5f elements are quite

itinerant, beyond Pu very
localized=> DFT fails.

Conclusion: LDA/GGA pretty
good in elemental solids,
except in 4f,5f.



| attice constant iIn metallic oxide

DFT: Exact
DFT+LDA: Not Exact
DFT+GGA: Better?

400

SrVOs cubic perovskite:

SrvO3

350}

300

P
LN
=

Energy[meV]
b M
LN o
o =

-

=

=
T

50F

48 50

LDA
underestimates

4\55

anume[ﬁ. ]

60 62

64

PBEsol
optimized for lattice constants

PBE

overerestimates




LR

attice constant in Mott insulating FeO &

o
e

FEO iron(II) oxide
80 —
70 — LDA 3o
< 60 — PBE
e 50} —  PBEsol - STy e
= 40 - ' " ol
>
G 30 NaCl structure
\'
W 20t exp
10} / Missing local
U' il . i ] o | I
= T = = = % 2 5, fluctuating moments
40 Overbinding problem
70
'; 60
T Ordered moments
é 5 improve, not good
on
o 30} enough.
2 A0 — . LDA-AEM 9
Ww 20t
—  PBE-AFM
01| —  PBEsol-AFM / Even PBE
5 T 17 T 15 56 = 5, underestimates volume.

Volume[A” ]



Question

Can we consistently improve
energles and spectra of
correlated solids!



Energy[meV]

pectra & structure of correlated oxides

cubic perovskite:

LDA+DMFT

SrV03

400

350

300

250

200

150

100

50

LDA
PBE
PBEsol

LDA+DM FT

Vv

exp

=

50

52

54

56
Volumel[A® ]

58

60

62

DTF-DMFT: Haule & Birol, PRL 115, 256402 (2015).

64

® h =900eV
A h =275eV $
[ J

S green: LDA ey
blue dots and color: exp. A e

L]

L5 510, (X = 0)

SrVO3 is a correlated metal with m*/m~3.
DFT predicts its volume quite right.

LDA+DMFT and the best DFT
functional are in good agreement.

In many correlated metals DFT
may not give good spectra, but the
structure is quite good.

This is typically not the case in Mott insulator.
DFT overbids, and does not account for subtle
structural distortions, essential for the Mott
transition.



paramagnetic Mott insulator FeO

All DFT methods underestimate the volume (overbind)
because of missing fluctuating moments.
Ordered moments improve, but not good enough.

LDA+DMFT correct gap and volume.

EnergyLmev |

EnergyLmev |

LDA
PBE
PBEsol

LDA+DMFT|-

exrp

16 1I7 2Il
80 . . .
70
60
50t
40
LDA+DMFT-PM
301 LDA-AFM v
201 PBE-AFM e
10F PBEsol-AFM
0 16 17

Volume[A® ]
DTF-DMFT: Haule & Birol, PRL 115, 256402 (2015).

NaCl structure.

’ : 0

- ) Fe
Volume[A® ]

8%)8_.5 19.0 19.5 20.0 20.5 21.0
_ FeO —  F(300K)
2 60} —  E(300K) |1
£ — T*S
> 40
>
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—Mott insulators and strongly correlated

non-perturbative treatment like DFT+DMFT.



FELECTRON-PHONON COUPLING IN FLUCTUATING
MOMENT SYSTEMS

Change of the band structure due to displacement of the ions in
the direction of a phonon mode.

G (K. @) = (el / A e (1,1, ) Ay 1" (1)t )

DFT tends to underestimate g,
because of RPA-overscreening

0-31— Ppuilibrium {DFT)
04— A. DIStOI'th (DFT) ________________________________________________________
—_
>
— —o— DFT(GGA)+DMET 2
€ o o —k—GGA(SP) B >
= —=— GGA(NM) f_ﬂ
> ~~ LDA(NM) =
5 0.04 =
I =
“o 03-
[
2 0.02f
2 O
g 0.0 \\\
& 0.00 \Bi-—

024~ _0.26 0.
Se Position (zg,)
DFT+DMFT Prediction: Mandal, Cohen, & Haule, PRB 89, 220502(R) (2014).



FELECTRON-PHONON COUPLING IN FLUCTUATING
MOMENT SYSTEMS

Pressure depepdence tracks Tc of FeSe:

Example of FeSe: 0 -
3 m d X .
5 a5} ) s
2 401 32.‘ ;
s 3.5 1'..JM
‘ac';s.o
- -0.6 -0.3 0.0 _#&" .
2 2.5 . z
= 2.0
=150
E10L . Eam
= Ve - - - - = - =
2 o_5t "; * @ DVET Avg—¢- DF'PAvg
A gol._i . ,—® DMFT Max_v_DFT Max
2 0 2 4 6 8 10 12
DMFT Prediction confirmed by experiment: Pressure (GPa)
DFT+DMFT Prediction: Mandal, Cohen, & Haule, PRB 89, 220502(R) (2014).
Experiment: S. Gerber, ...,Z.X. Shen et.al., Science (2017).
| |
Experiment (2017) DFT+DMFT (2014) DFT
zse (r.1u.) 0.2653 0.27 0.2456 position of Se
f110 (THz) 5.30 = 0.05 5.7 6.5+0.3 A1g frequency
AE,- -/ Azg. (meV/pm) ~13.0+£2.5 ~10.3 to —13.4 -1.6+0.2 e-ph coupling




Momentum resolved spectra of LiFeAs

ARPES

T=20K T=50K T=100K T=150K T=200K

E - Er (meV)

E - Er (meV)

Wave vector Wave vector Wave vector Wave vector Wave vector

DFT+DMFT for LiFeAs:

H Miao,

E - E- (meV)

E - E- (meV)

T=58K T=116 K T=232K

...Haule, Kotliar, H. Ding, Phys. Rev. B 94, 201109(R) (2016).

3ands In correlated metals

Bands are sharp only very
near the fermi level and
only at low temperature
(Fermi liquid).

Above the coherence
temperature, electrons are
better described as
fluctuating moments,

rather than plane waves.
m*/m~3

DMFT predicted coherence

incoherence crossover in
Fe-SC (Hund’s metals)

(Haule & Kotliar NJP 11,25021 (2009) )



Magnetism and moments In iron superconductors

blue symbols : experiment blue symbols : experiment
green line: GGA, red line: LSDA red symbols : DFI-DMFT
250 2—e\ 2.5
% BN |a —@— SDW DMFT
2084 N N e e—"te_ _2.0B4 —— DSDW DVFT
I N\ Ey * SDW EXP
= AN = DSDW EXP
S 1.9 —e— sowDFT LSDA g 1.5 f E)?P
£ —&— SDWDFT GGA ® E .
) * SDWEXP o PM fluctuating moment
E 1.0— — Dsow DFT LSDA * E1.0
© DSDW DFT GGA * - * L
© ¥ DSOWEXP * o
c EXF
%0.5 -4 Fluctuating moment * 30'5 b * *
= L) * o R
0.0F oo |17 7 R N P | 0.0F-- ooz <oy (1SR RO U 3
Terse * %11 %22 9111122 F TeiSe ™ Yilt M22 1111122 F&P
S B SR SRt I SR SR T o & P Pt of P oF P
@ 1+ LY e° &% LY G \'s o <0 LY e Q v L% e~ » V' V' gl ~ 1
‘(04(0 *80 < V{( Q@Qo ,{30 Qg@ \véz?‘dgq, %é‘o {98 0’30 \(é‘ é‘e &® & S *30 & $ o'er 636 G_){(e dge
Compounds Compounds

DMFT predicts much better magnetic moments than DFT.

beyond

2. @ Qs
These are not Stoner magnets. 4 3 o—
Have substantial local fluctuating moment at low energy. ba ¢ :_‘ §



Large fluctuating moment

Fluctuating moment by neutrons: </1

")

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

Experiment

by Pengcheng Dai

431‘
@
O

SK BaNio'] Fe 2As2
7K BaFey As 5
30X, BaNig 1 Fe 2As 2

S —

——
e o o .

~1.8 ug/Fe
up to 300meV

+
=y
-+ <+

e

100

200 300
Energy (meV)

x"(®) (ug eV'fu™

dw y
= [ —n(w)x"(w)
T
204 f.m. in DMFT | ==BaFe;gNig,As,
/ == BaFe,As,
20
- =~ RPA
o”’:—’bﬂ\
P et f.m. in RPA calculation
5 L (U=0.8eV, J=0.2¢eV)
O 100 200 300
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:
tinerant and localized nature.



magnetic susceptibility in paramagnetic state

black dots : Inelastic neutron scattering
color : DFTI-DMFT paramagnetic spin susceptibility

Magnetic
susceptibility Is the
only quantity up
to now which
requires the two
particle
correlation
function.

Frequency (eV)

It Is harder to
compute.

w=>H meV

0.5 : 0 0.5

H (r.l.u.) H (r.l.u.)

DMFT can predict well neutron dynamical SF
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Isostructural transition in elemental Cerium

c 'tf
o

First order (entropy driven) transition
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Stationary Free Energy Functional

o For numeric stability, the stationary DFT+DMFT functional
5F[G]/5G =0 is needed but the implementation is challenging.

- h e
o'%‘ ',b
B\
-
s.."" Y
%

[[G] =Trlog G —Tr[(Gy' —G™1)G] + E™ [p] + E*[p] + @PMFT[PG] = DPC[Pp] + Epye e

Can be computed from frequency T
dependent band structure 5kwn P Very hard to compute

Idea : Use the free energy Fimp Oof the auxiliary impurity problem:

Fimp = I lOg Gimp o Tr(z’impGimp) + (I)[szp] and (I)[szp] —=

Fsolz’d — Fimp + Ir log G —Ir 1Og Gimp + EH + EXC =+ Enuc—nuc — (I)DC[{}A)IO}]

dA tential
For the impurity problem Fimp = Tr((A + €imp — wn dio )Gimp) + Eiy =T Simp
we can compute with CTQMC "
very precisely all Eimp(Ts)  Einp(T) 1/T
necessary quantities Simp(T') = Simp(T>) — 1}1 T ; - Lt Eimp(1/8)dB
>

Details of the implementation in supplementary of PRL115, 256402 (2015).



cmbedded Dynamical Mean Field
| heory Functional

Stationary Embedded DMFT functional extremized in real space.

Free energy functional can be analytically differentiated to give forces
on all atoms.

Can predict complex crystal structures

see : Phys. Rev.B 94, 195146 (2016).



Optimized Structure NdNIOs

Pbnm Exp. EDMFTF-PARA GGA

Ni  [(0.000, 0.000, 0.500)](0.000, 0.000, 0.500) (0.000, 0.000, 0.500)
O;  |(0.216, 0.287, 0.539)|(0.214, 0.287, 0.539) (0.207, 0.294, 0.547)
O2  |(0.569, 0.490, 0.750)|(0.573, 0.490, 0.750) (0.591, 0.477, 0.750)
Nd  [(0.496, 0.035, 0.750)|(0.491, 0.044, 0.750) (0.488, 0.058, 0.750)
VI = resp)?) 0.0056 0.0190
P21/n Exp EDMFTF-PARA | EDMFT-AFM GGA+U
Ni;  [(0.000, 0.000, 0.000)(0.000, 0.000, 0.000)](0.000, 0.000, 0.000)(0.000, 0.000, 0.000)
Ni,  [(0.000, 0.000, 0.500) (0.000, 0.000, 0.500)|(0.000, 0.000, 0.500)|(0.000, 0.000, 0.500)
O:  |(0.575, 0.487, 0.752)|(0.575, 0.489, 0.754)|(0.574, 0.489, 0.750)(0.595, 0.475, 0.755)
O,  |(0.214, 0.276, 0.527)|(0.209, 0.284, 0.540)|(0.209, 0.285, 0.540) | (0.198, 0.291, 0.549)
O;  |(0.719, 0.204, 0.447)|(0.717, 0.209, 0.460) | (0.717, 0.210, 0.460) | (0.711, 0.198, 0.452)
Nd  [(0.493, 0.039, 0.750) (0.491, 0.044, 0.750)|(0.493, 0.044, 0.750) | (0.489, 0.056, 0.750)
N V((r —Terp)?) 0.0090 0.0091 0.0180
~33 meV difference between the GGA ' &
(GGA+U) and EDMFTF structure '-\ -

With the single functional
we optimize both structures A A 1
and three solutions. M i O o g

r

Agreement with experiment
2-3 times better than the best
of GGA or GGA+U.



Energetic of the Mott transition iIn NdNIO»3

e Paramagnetic Mott insulating state exists in NANIO3 (we optimized it),
but iIs metastable

e Magnetism stabilizes the insulating state, but is not driving the MIT.
Fluctuating moments release their entropy by ordering and system gains some energy.

/OOK para -

T=200K para -1.% -
T~ — T=100K AFM _
| | | : : FEead

Distortion P2./n




Force on all atoms from derivative of the functional

oL'|G] <8P[G]>
0R,, OR, o
\vanishes
TG 0 I
R, IR, (Trlog(G) — Tr((Gy " — G™HG) + [{G}] + Enue—nuce)
= 0 (—Tr ([zw + 11+ V? = Ve (r)]0(r — r’)G) T Enuc_nuc)
OR,
0, 0
= Tr(ps5—Vaue) - Erue
OR,, IR,

aVnuc aE’I’L’U;C

HF
— T
: ‘P oR, ) T IR,

The Hellman-Feynman force

e
¢
< e

@® &
e

c "tf
i



Force on all atoms from derivative of the functional

But the LAPW basis set, and

the DMFT projector, are not == “Pulay forces” appear
fixed In space, but rather

move with the atom.

We need to differentiate the implemented
expression for the free energy.



Free energy expression again

Recall:
L{G}] =TrlogG — Tr((Gy " = G™HG) + EJF Xl + Y epMETliG], | — pS

VDMFT lOC VDMFT [IOZOC]
R, Ecorr

at the DMFT solution the Dyson EqQ. is satistied

G~ =Gy = Virxc(r)d(r —r)d(r — ') — (r|gg,) (B = V) ap (@hr")

hence the free can be computed by

F =Trlog(G) — Tr(Viyxc)p) + BT ]
+ Z { Tl“ szp VDO) loc) + (I)DMFT[ loc] (I)Dc[ploc]}

nuclear-nuclear energy Is added:;
canonical ensemble needs +u N



Free energy expression implementation

To implement Tr log G we compute generalized Kohn-Sham orbitals:

<¢jkwn| (T + Viue + VH+XC T Z |§b#v,> <¢¢n‘zzwn - VDCW{;&» <¢l;}u> Wz‘kwn> — 5ij5kwn,i

mm’, R,

so that  (Yjkw,|GlYike,) = o T e e (; is diagonalized

then
Trlog(—G) = —Trlog(—tw, — 1 + €xw, )

and

F = —Trlog(—iw, — pt + €xw, ) — Tr(Vaixco)p) + EH+XC[p] + Frve—nue + UN
£ {Te(S = Voe)Gloe) + @PMFT(GE ] — &P i, ]}
R.

(2



Derivative of the free energy

The free energy :
F = :Tr log(—twn — b + €xw,, ) — Tr(VH+XC)p) + EH+XC[,0] + Enuc nue,+ PN

Z{ —Tr((X — VDC)GZ: + @PMIGE ] £ oPC plyr}

’L

OF _T ( 1 5kwn — M ) 5VH—|—XC’ nuc nuc ,u
— Tr ( - Tr(
5RM e Ekwy, ,LL
0> — oVpco
—Tr | Gy,
' ( e SR, )

AP
OF 1 0(Exw,, ) 0(Vks ).
R, y <z’w + U — €k, ORy ) (p 'R, )

e [ 5VDC>

I
8‘/’I’L’U,C a'E’I’L’U,C




Derivative of the free energy

1 0EK oV, 0 — 0V,
FPuly — _my W T KS ™ ( DC
2 (an _|_ ,LL L E’:kwn dR'u ) —|_ r <10 5R'u —|_ r lOC 5R'LL

~_

0. (w) very hard to compute.

appears in two terms.

But: Functional is stationary, and D (w) cancel out.

K.H. & G.L. Pascut, Phys. Rev. B 49, 195146 (2016)



Derivative of the free energy

To prove that d(2X — Vpe) cancels, we recall eigenvalue Eq.

(Vikw, | (T + Vowe + Vi xo + Z D) (P | i, — Ve dp,) <¢in’) — Ekwn,i|Vikw,) = 0

mm’ , R,

which is satisfied for each atomic position R, hence

<¢ikwn‘ (5(T =+ Vnuc =+ VH—l—XC’) =+ Z 5(’¢¢n> <¢%‘Ezwn — VDC"¢7'L7L7,’> <¢;n’)> _ 55kwn,i‘¢ikwn> =0

mm’, R,

therefore  dexw,i= » (tikw, [0hh) (D4h16(S = Vpe) @b, ) (5 [Pikw, ) + -

P ....+derivative of the projector+DFT terms
hence
O€kw, _ . 1 . 1 T _ 1 p
Tr(inru—skwn) = Tr(|Yikw,) PR E— Wi | Y |08) (D1 16(E = Vo) g ) (@l ]) + ...

/
R, ,mm

=Tr(G ) |gh) (@ 16(5 — Vpo)|eh,) (o) + .

A/\A wsmm/
e () (s (GZOC;;‘WDC) = Tr(Gloed (3 — Vie)) + ..

iwn + " — Ekw, dR,u t\P 5R’u (5R,u




Final results for forces in a mixed basis set :§

Pulay force in mixed basis: DFT-like terms

T
)

0 _
FPuly — Ty | 5A° OH jo _

derivative of the DMFT projector, because
the DMF basis moves with the atom
depends on the non- tr|V|aI" DMFT denS|ty matrlces

Success: Forces do not depend on ®[G| or X /0G = §2®/6G?

which are hard to compute.

K.H. & G.L. Pascut, Phys. Rev. B 49, 195146 (2016)



Forces more stable than free energies X

MC noise at constant statistics

O_.. ................................................................................... .
.................................... LA .
2 - T free energy noise ~1meV
—40} 4
o S SRR e 4_ force nOISG ~ 02 meV/aU
e —60f ]
B
o -80}
¢ Forces very stable!
—100f
— 120 e Free En.[meV] |
e—e Force[meV/a.u.]
140! oo Force*Ar [mov] | 0 [G] hard to compute
. . . . . ) (needed for free energy)
0 5 10 15 20 25 30

iteration #

Z _ 5@[G]/5G easy to compute

only this is needed for the force

2 ) 2 hard to compute
6 (I)[G]/ 5G (needed for dynamical matrix)



Electronic structure package: EDMFTF

® @
¢
“ e

e =«
o

Can be downloaded: http://hauleweb.rutgers.edu/tutorials

tutorials available -

Projection & Embedding instead of
downloading in the full potential
(APW+lo,LAPW) basis.

Continuous time quantum Monte Carlo,
OCA, NCA...

Stationary implementation of free energy

Forces on all atoms

Structural optimization within DFT+DMFT

® 1| ™ A,

RUTGERS

hauleweb.rutgers.edu

Center for Computational
Materials Theory

School of Arts and Sciences

DFT + Embedded DMFT Functional”

Developed by Kristjan Haule at Rutgers University, ©Copyright 2007-2016.

e What is DFT+Embedded DMFT Functional

e Installation

e Overview

e Tutorial on single band Hubbard model

e Tutorial 1 on MnO

¢ Tutorial 2 on FeSe, structural optimization, and spectral function plot
e Tutorial 3 on SrVO;

e Tutorial 4 on LaVO;

¢ Tutorial 5 on elemental Cerium

e Tutorial 6 on SralrOy4

e FAQ

Rutgers DFIN& DMFT Material Database

Supported by NSF CAR&R DMR-0746395 (Kristjan Haule)

Database:

http://hauleweb.rutgers.edu/

& NSF DMR-0906943 (Gabriel Kotliar)
N ) -

IMTO Database

-~

als Introduction W2K Database W2K Documentation Downloads

Download the DMFT-Wien2K source code

dmft w2k.tqz (version 2012)

dmft_w2k.tqz (version 2015)

r
.}:.



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

Electronic structure package: EDMFTF

» Package needs wien2k for part of the DFT calculation.
e Composed of many Python, C++, Fortran90 executables linked by Python
SCripts.
* Two main Python executables:
e init_dmft.py (initialization)
o run_dmft.py (DFT+DMFT scheduler
* Several post processing tools, such as:
* maxent_run.py
* x_dmft.py dmftl (calculates DOS)
e x_dmift.py dmit2 (recalculates electronic charge)
e x_dmftpy dmftp (calculates A(k,w)
* wakplot.py (displays A(k,w) )

* dmftopt (calculates optical conductivity or transport)



EXECUTION FLOW : DFT PART

init_lapw :p"°™ (r)

DFT | DFT
r) — 5k,z’ 7¢k,’i

X lapwso ' adds spin-orbit '
DFT

: DFT [
X |apW2 €k.i ﬂpk,i — Pva (I‘), S




FLOW: DFT+DMFT COMBINED

DFT(I,)

run_lapw :p

run_dmft.py == ' X [apWO : Veat(r) p(r) = Vics(r) !
X mixer: pt® + peore pld(r) — p”ew(r)' X lapw @ Vis(r), Ve (x)

X core . VKS(I'), ‘/ewt(r) — pcore(r)a e

DFT |, DFT
— ek VK,

X lapwso ' adds spin-orbit

X_dmft.py dmft2 :

SPMET (), el FT R FT — p*U(r), Byalence

X_dmft.py dmftl:

/ SPMFT () SDFT WPET —, GPVFT (1), Au)

Impurity solver: CTOQMC,OCANCA
A(w), Bimp — Z(w), GPMHEL




X dmﬁpzf dmiftl: oA )J

EDMFT( ) 51]_{7FT7,¢k GDMFT
4 _ )
input output
\Z(w) 51135T’ lng(r) — Glocal(w)aA(w)vEimpanloca,l/
4 | )
) Construct projector:  P(rr’,R,,mm’) = (r|¢phk) (¢, |r")
where (r|oh,) = u(|r — Ry|)Yin (r — Ry,)
2) Embed self-energy: =, = (W Tk (Sh (W) — VBG) (b [ ™)
R

o

3) Calculate local Green'’s function, hybridization, imp. levels:
Gt mmy = D ASPRETY (W + o — e — Sk, w) ;" (W T T |gl ) = ( — _Zlu(w) Mw))
\ k,ij tnp m

symmetrization over all group operations is performed

"




X_dmft.py dmft2 : J

SPME (W), el i T = p"*(r), Evatence
# input output R
Z(Cd) 51135,1—17 llng( ) q IO’UDaijT( ) Evalencea Fvalence7 FR“
\_ J
4 )

1) Construct projector:  P(rr’,R,,,mm’) = (r|¢pk ) (¢ ,|r')
where (r[éf,) = w(lr = Ry[)Yin (r = R,.)

2) Embed self-energy:  S(r,¢) = Z (r|pt ) (B8 (iw) — VL) (dh |t

R’M
3) Solve the Dyson Eq.:  (—V2 4+ Vics + £) [ciwn 1) = [Pk i i) ER M ET
Or (Siciy Binio + (e, Zlaci, ) Wiciy' [Wiciws) = (e, [Yicsieon ) Excicon.i

1

— €k,iwn,i

4) Determine the chemical potential: ~ Now =T Z o

5) Calculate DMFT electronic charge in space:

P 6) = ST 0) T (e T = D) ] T

W,

\6) Calculate DMFT free energy and forces on all atoms N

symmetrization over group operations not performed



EDMFTEF initialization: Exercise MnO

In Wien2k directory name has to be equal to struct file-name ( “case”). In EDMFTF

this is not needed anymore, hence we can create directory with any name.

Assume Wien2k run successfully finished in directory “case” = MnO.
We will initialize EDMFTF 1n the same directory, because we will need

energy files (for finding energy of bands).

( > srun -nZ —-pty bash  # start interactive shell on compute node )

> module load edmftf (loads executables, paths, etc)

Two ways to initialize EDMFTF:
1) execute init_dmft.py and answer the questions.

2) append all options in the command line as arguments to the init_dmft.py script.

We will use method 2.
> cd MnO directory with Wien2k DFT run.

> init_dmft.py -ca | -otd-qs /



EDMFTF initialization

Each option answers one of the questions in the
What are options “-ca 1 -otd -qs 77?7 initialization.
Options not specified use default values.

correlated atoms: orbital type: “d” orbitals have cubic symmetry and
I in MnO .struct is The “d” orbital is we will use real harmonics (to avoid
treated by DMFT correlated by DMFT QMC sign problem)

All available options for orbital symmetry

Qsplit Description
average GF, non-correlated
lj,mj> basis, no symmetry, except time reversal (-jz=jz)
lj,mj> basis, no symmetry, not even time reversal (-jz=jz)
real harmonics basis, no symmetry, except spin (up=dn)
real harmonics basis, no symmetry, not even spin (up=dn)
t2g orbitals
eg orbitals
lj,mj>, only I-1/2 and [+1/2
axial symmetry in real harmonics
hexagonal symmetry in real harmonics
cubic symmetry in real harmonics
axial symmetry in real harmonics, up different than down
hexagonal symmetry in real harmonics, up different than down

For more options:
.. p 10 cubic symmetry in real harmonics, up different then down
> IN |t_d mft. P)/ - h 11 1j,mj> basis, non-zero off diagonal elements

12 real harmonics, non-zero off diagonal elements
13 J_eff=1/2 basis for 5d ions, non-magnetic with symmetry
14 J_eff=1/2 basis for 5d ions, no symmetry

CONODTRARLDWRON L 2O



There are 2 atoms in the unit cell:
1 Mn
20

You have chosen the following atoms to be correlated:
1 Mn

For each atom, specify correlated orbital(s) (ex: d,f):

You have chosen to apply correlations to the following orbitals:

1 Mn-1d

Specify gsplit for each correlated orbital (default = 0):
Qsplit Description

OCONODIDOWWMNON 4 =+ O

average GF, non-correlated

i,mj> basis, no symmetry, except time reversal (-jz=jz)
i,mj> basis, no symmetry, not even time reversal (-jz=jz)
real harmonics basis, no symmetry, except spin (up=dn)
real harmonics basis, no symmetry, not even spin (up=dn)
t2g orbitals

eg orbitals

i,mj>, only I-1/2 and 1+1/2

axial symmetry in real harmonics

hexagonal symmetry in real harmonics

cubic symmetry in real harmonics

axial symmetry in real harmonics, up different than down
hexagonal symmetry in real harmonics, up different than down

10 cubic symmetry in real harmonics, up different then down
11 |j,mj> basis, non-zero off diagonal elements

12 real harmonics, non-zero off diagonal elements

13 J_eff=1/2 basis for 5d ions, non-magnetic with symmetry
14 J_eff=1/2 basis for 5d ions, no symmetry

You have chosen the following gsplits:
1 Mn-1d:7

Atom 1 in MnQO .struct is
treated by DMFT

The “d” orbital is
correlated by DMFT

“d” orbitals have cubic symmetry and
we will use real harmonics (to avoid

QMC sign problem)



, , Vin 3d orbital
Specify projector type (default = 5): 1 , .
Projector Description oo |

projectorv'v.dat U 1:2 m—

1 projection to the solution of Dirac equation (to the head)
2 projection to the Dirac solution, its energy derivative,

08 F

0.7 F

LO orbital, as described by P2 in PRB 81, 195107 (2010) °or
4 similar to projector-2, but takes fixed number of bands in o5 |
some energy range, even when chemical potential and o |

MT-zero moves (follows band with certain index)
5 fixed projector, which is written to projectorw.dat. You can
generate projectorw.dat with the tool wavef.py

> 5 0

03

02 F

0.1

'] '] '] ']
0 0.5 1 1.5 2 2.5

Projector fixed to achieve stationarity of the functional.
Radial dependence of projector stored in projectorw.dat

Range (in eV) of hybridization taken into account in impurity
problems; default -10.0, 10.0:
-10.0,10.0

Very large 20eV window of bands is used to construct DMFT projector.
Rule of thumb : should be more than [-U,U].

Perform calculation on real; or imaginary axis? (i/r): (default=i . . .
i Jnary W ) QMC works on the imaginary axis.



EDMFTF initialization

Which files were created by this initialization?

e projectorw.dat (contains the radial dependence of the orbital)
e MnO.undmfl (connects DMFT orbitals with the Kohn-Sham states)
e MnO..ndmfi  (connects DMFT orbitals with the impurity solver)



Andmfl file

connects DMFT orbitals with the Kohn-Sham states

first and last band used in the projector

projector type

Green’s function calculated on imaginary axis

p——

16- :

0.00000000 0.00000000
0.70710679 0.00000000
0.00000000 0.00000000
0.00000000 0.00000000
-0.00000000 -0.70710679

0.00000000 0.00000000
0.00000000 0.00000000
0.70710679 0.00000000
0.00000000 0.70710679
0.00000000 0.00000000

‘ybridization band index nemin and nemax, renormalize for interstitials, projection type
5 200 -3.000000 1.000000 # matsubara, broadening-corr, broadening-noncorr, nomega, omega_min, omega_max (in eV)

Each correlated orbital has specification (which atom from
structure, which L, locrot =for rotations, gsplit=which
symmetry, cix=successive number of correlated set)

1 # number of correlated atoms
1 10 # iatom, nL, locrot
2 7 1 # L, gsplit, cix
#================ # Siginds and crystal-field tra
1 5 2 # Number of independent kcix blocks, ma
1 5 2 # cix-num, dimension, num-independent-com
Fmmmmmmmmm e # Independent components are --------------
Iegl ltzgl
Fommmm - # Sigind follows ------------------om-em—--
10000
01000
00200
00020
00002
fmmmmmmm e # Transformation matrix follows -----------

1.00000000 0.00000000
0.00000000 0.00000000
0.00000000 0.00000000
0.00000000 0.00000000
0.00000000 0.00000000

0.00000000 0.00000000
0.00000000 0.00000000
-0.70710679 0.00000000
0.00000000 0.70710679
0.00000000 0.00000000

0.00000000 0.00000000
0.70710679 0.00000000
0.00000000 0.00000000
0.00000000 0.00000000
0.00000000 0.70710679



Aindmfl file

51515 # hybridization band index nemin and nemax, renormalize for interstitials, projection type
1 0.025 0.025 200 -3.000000 1.000000 # matsubara, broadening-corr, broadening-noncorr, nomega, omega_min, omega_max (in eV)
1 # number of correlated atoms
1 10 # iatom, nL, locrot
2 7 1 # L, gsplit, cix
#================ # SIgInds and crystal-field transformations for correlated orbitals ================
1 5 2 # Number of independent kcix blocks, max dimension, max num-independent-components
1 5 2 # cix-num, dimension, num-independent-components
Zé‘,',;‘zg, """" # Inagpenaent Components are -------------- correlated set (cix) if of dimension 5 and has two
P # SigING fOlOWS —<cenemmememememmemememece self-energies, i.e., eg and t2g
10000
01000 e
00200 How is self-energy matrix constructed from the two
00020 self-energy components
00002
————— # Transformation matrix follows ----------- |
,2 |0.00000000 0.00000000 0.00000000 0.00000000 1.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000
X2-y2 0.70710679 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.70710679 0.00000000
w7 |0-00000000 0.00000000 0.70710679 0.00000000 0.00000000 0.00000000 -0.70710679 0.00000000 0.00000000 0.00000000
yz 0.00000000 0.00000000 0.00000000 0.70710679 0.00000000 0.00000000 0.00000000 0.70710679 0.00000000 0.00000000
Xy -0.00000000 -0.70710679 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.00000000 0.70710679
' L=2,m=-2 L=2,m=-1 L=2,m=0 v\ L=2,m=1 =2 m=2
Transformation matrix from spheric harmonics to the orbitals used in the DMFT.
z V4 2 Z z
y X
X’ y x*y ¢ : { w :
dz2 Oy2-y2 Oy d; d;,.




andmfi file

connects DMFT orbitals with the impurity solver

Only one impurity problem needs to be calculated

5 orbital problem
num rgind blocks
dimension of this sigind block

symmetry of orbitals in the impurity problem




EDMFTF initialization

Need two more files to start EDMFTF calculation:

1) params.dat (files with parameters — se below)

params.datis a python file, which can use python expressions.
Can be checked for syntactic correctness by “python params.dat’

> cp $RESULTS/MnO/DMFT/params.dat .

2) sig.anp ( guess for 1nitial self-energy)

text file with columns corresponding to real and imaginary part of self-energy.
first column is frequency, following by the real and imaginary part of Sigma for
each orbital specified in case.indmfi

> SZEro.py creates empty self-energy sig.inp with
goods guess for Vdc and sigma(e)



params.dat

solver
DCs

= 'CTQMC' # impurity solver

= ‘exactd’

# exact double-counting with dielectric constant approx.

run_lapw :pDFT(r)

{ —

run_dmftpy =4 x lapwO : Ve (r) p(r) = Vm(rk

i 1P e i il P s p"e“’(r)J X lapw ' Vis(r), Ve (r) > EE,iFT,w{?,fTJ

X OIS o VKS(r)7 V;azt(r) — Pcore (I‘), Ecorej X |apWSO . adds Spil’l-Ol’bil
DMFTX_dgF.]ft.%zzdetz : > X_dmftpy dmftl:
> (w), €104 k,i == " UGB B EDA'[FT(W),EEfT,wl?fT S GPMFT(), Alw)

impurity solver: CTQMC,OCANCA
A(w), Eymp — E(w), G

max_dmft=iterations =1

# number of iteration of the dmft-loop only

max_Ida_iterations = 100 mber of iteration of =

finish = 10

# number of iterations of full charge loop (1 = no charge self-consistency)

ntail = 300 # on imaginary axis, number of points in the tail of the logarithmic mesh
cc = 5e-5  # the charge density precision to stop the LDA+DMFT run
ec = 5e-5 # the energy precision to stop the LDA+DMFT run

To stop the loop need sufficient
QMC precision (many cores)

recomputeEF = 0

# Recompute EF in dmft2 step. If recomputeEF = 0, it fixed the chemical potential. Good for insulators

# Impurity problem number O
iparams0={"exe"

IIUII
IIJII

"CoulombF"
Ilbetall

IISV

d_Imax"
n MII

"mode"
Ilnomll

IItS

ample"

"GlobalFlip"
"warmup"

}

Ilnfoll

: ["ctgmc" , "# Name of the executable"],
:[9.0 , "# Coulomb repulsion (F0)"],

Careful: allowed only for insulators.
For metals recomputeEF=1.

:[1.14 , "# Coulomb repulsion (F0)"],

: ["'Ising™ , "# Form of Coulomb repulsion. 'Full' allows rotational invariant form of C.1."], \

: [38.68 , "# Inverse temperature T=116K"],

- [25 , "# We will use SVD basis to expand G, with this cutoff"], CTQMC
: [5e6 , "# Total number of Monte Carlo steps"], :
:["SH" , "# We will use self-energy sampling, and Hubbard | tail"], optlons
:[100 , "# Number of Matsubara frequency points sampled"], }:

: [30 , "# How often to record measurements"],

: [500000 , "# How often to try a global flip”],

:[1e5 , "# Warmup number of QMC steps"],

. [56.0 , "# Nominal occupancy nd for double-counting"],




params.dat continue

# Impurity problem number O

iparamsO={"exe" : ["ctgmc” , "# Name of the executable"],
"U" :[9.0 , "# Coulomb repulsion (F0)"],
S :[1.14 , "# Coulomb repulsion (F0)"],
"CoulombF" : ["'lsing™ , "# Form of Coulomb repulsion. 'Full" allows rotational invariant form of C.1."],
"beta" : [38.68 , "# Inverse temperature T=116K"],
"svd_Imax" : [25 , "# We will use SVD basis to expand G, with this cutoff"],
"M" : [5e6 , "# Total number of Monte Carlo steps"],
"mode" ["SH" , "# We will use self-energy sampling, and Hubbard | tail"],
"nom" :[100 , "# Number of Matsubara frequency points sampled"],
"tsample" : [30 , "# How often to record measurements"],
"GlobalFlip" : [500000 , "# How often to try a global flip”],
"warmup" :[1e5 , "# Warmup number of QMC steps'],
"nfo" :[5.0 , "# Nominal occupancy nd for double-counting"],
}

# Impurity problem number 1
iparams1={

U — Hubbard U

J — Hund's interaction

CoulombF — form of the Coulomb interaction : Ising==density-density Slater form, Full==rotationally invariant Slater
form. See for details : http://hauleweb.rutgers.edu/tutorials/CoulombUexplain.html

beta — 1/T[eV] or 11604/T[K]

M — number of MC-steps on single core. If it runs on more cores, better results & equal run-time.

mode — S==computing self-energy by Schwinger equation (rather than Dyson) H==high frequency computed by
Hubbard-I form.

nom — number of Matsubara points keeps in the mesh (the rest in log mesh of ntail~100) (usually 3*beta)
tsample — every 30 MC steps we measure self-energy

GlobalFlip — is attempted every 5e5 steps

warmup — first 1e5 steps are not used to meassure

nf0 — Mn valence, used for double-counting. Here only for the initial guess (from DFT), will use exactDC later.


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

Final steps in initialization

Increase number of k-points for more precise DMFT frequency dependence.
> x kgen -f MnO
2000

Optional : Rerun LDA with new k-mesh.

> run_lapw -NI
Optional : Create new directory with only necessary files for DFT+DMFT

> mkdir LDA; mv * LDA/ calculation
> mkdir DMFT; cd DMFT
> dmft_copy.py ../LDA

params.dat basic parameters
MnO.indmfl KS-lattice to DMFT connection

MnO.indmfi  impurity to DMFT connection DMFT files, which we already discussed

projectorw.dat radial dependent projector

sig.inp self-energy

MnO.struct crystal structure \

MnO.clmsum  charge density

MnQO.in0 input to lapwO

MnO.in1 input to lapw1

MnQO.in2 input to lapw2 - Wzk ﬁles
MnQO.inm input to mixer

MnQO Klist list of k-points

MnO.scf2 input to lapw2/dmft2

J



Final steps in initialization

For parallel execution we need to create special file “mpi_prefix.dat”

> echo "mpirun -np 2 -x OMP_NUM_THREADS=I" > mpi_prefix.dat

e [f this file does not exists, the run will be serial.
* np specified number of available cores (unfortunately only 2 can be afforded here)

e OMP_NUM_THREADS=1 switches off open_mp when mpi 1s used. If a lot of
cores are available, one can use combination of open_MP and MPI.
e mpi_prefix.dat is used for the ctgqmc impurity solver. If dmftl, dmit2, lapwl,

lapwso require different parallelization, one can specify also mpi_prefix.dat2.

It appears th.at multi.threading makes c?de > export OMP_NUM_THREADS=|
slower on this machine, so please turn it off. - -

Finally run EMDFTF code by executing

> run_dmft.py >& nohup.dat



Monitor the run

blot -x:20 -g -ul:3,1:5 imp.0/Gf.out.!.| plot the DMFT output G

> |less info.iterate check the summary file

> |ess dmft_info,out see what/how is executed

> |less ';|og' check execution log

> |ess MnOdayﬁIe execution log+convergence

> grep "CHARGE' MnOdayﬁle charge converged by iterations
> plot -ul 13, :5 -x:10 MnO.dltl plot hybridization function

>

>

blot -x:20 -g -ul:3,1:5 imp.0/Sig.out plot the impurity output Sigma

>P|Ot -g -U 1:9,1:10 info.iterate plot lattice & imp. occupancy



> |less info.iterate

Vdc
37.425774
37.425774
37.425774

summary file

# |#. |# mu
olo.lo ||6.531263
1 lo. |1 |l6.531263
2 1o. |2 |l6.531263
18] 1) o1l 6531263
19] 1] 1|l 6.531263
20l 1] 2|l 6.531263
21| 1131l 6.531263
A
‘#step‘ #charge
step
#outside
loop
chemical
potential

37.585587
37.585587
37.585587
37.585587

average
Vdc

Etot
-2467.684855
-2467.681073
-2467.674694

-2467.686310
-2467.684830
-2467.681235
-2467.678106

A

total
energy

Ftot+T*Simp
-2467.691806
-2467.718333
-2467.799804

-2467.693145
-2467.67/8463
-2467.634600
-2467.571185

Ftot+T*Simp n_latt n_imp Eimp[0] Eimp[-1]
-2467.689050 || 4.686248 ||5.013583 |/0.054065 -0.045105
-2467.686794 || 4.721879 || 5.013583 [0.054065 -0.045105
-2467.684399 || 4.829063 || 5.013583 |/0.054065 -0.045105
-2467.694964 || 5.103626 || 5.032720 [|-0.423417 -0.543007
-2467.692387|| 5.085911 || 5.032720 [|-0.423417 -0.543007
-2467.685370|| 5.032847 | 5.032720 [|-0.423417 -0.543007
-2467.677109|| 4.960474 || 5.032720 ||-0.423417 -0.543007
I ! T T
: : 1mpuri
impurity purity
occupation cnersy
levels
orbital
ation
total free occfup e
rom
CNergy .O t'
: rojection
without | P OerKSO
impurity Ob' |
orbitals
entropy |— o
~

should be equal when
converged




> less dmft_info.out details of every step and its execution (a lot of information)

I parameter change —-—— .
iparams0 = {'nom'": [100, '# Number of Matsubara frequency points sampled'], 'tsample': [30, '# How often to record measurements'], ‘Ncout': [500000, '# How often to print out info'], 'J": [1.14, '# Coulomb J'], ‘M": [5000000.0, '#
Total number of Monte Carlo steps per core'], ‘CoulombF": ["Ising", "# Density-density form. Can be changed to 'Full' "], 'beta’: [38.68, '# Inverse temperature'], 'U": [9.0, '# Coulomb repulsion (F0)'], 'GlobalFlip*: [500000, '# How
often to try a global flip'], 'sderiv': [0.02, '# Maximum derivative mismatch accepted for tail concatenation'], 'Nmax': [500, '# Maximum perturbation order allowed'], 'exe": ['ctgmc', '# Name of the executable'], ‘warmup":
[500000.0, '# Warmup number of QMC steps'], ' OCA_G'": [False, "# Don't compute OCA diagrams for speed"], 'aom': [3, '# Number of frequency points used to determin the value of sigma at nom']}
DCs = exactd
Znucs= {1: 25}
iSiginds= {0: [[1, 0, 0, 0, 0], [0, 1, 0, O, 0], [0, 0, 2, 0, 0], [0, 0, 0, 2, 0], [0, O, O, 0, 2]}
#<lapwO0>: wien2k_14/x -p -f MnO lapwO
#<lapwi>: x_dmft.py -p lapw1
DmftEnvironment: mpi_prefix.dat exists -- running in parallel mode.
mpirun -np 2
..... running: mpirun -np 2 ./lapw1 lapw1.def
case=MnO, nom=100, ntail=300, insig=sig.inp, outsig=sig.inp[1-n]
S_00= [38.22, 38.22]
Edc= [38.22, 38.22]
..... Creating logarithmic mesh
..... Going over all correlated blocks
icix= 1 colsp=[1, 2] colsm= []
icl=1
icl=2
Running ---- dmft1 ——
#<dmft1>: /usr/bin/time mpirun -np 2 ./dmft dmft1.def >> dmft1_info.out
#<sjoin>: sjoin.py -m 1.0
Running ----- impurity solver -----
Taking care of high frequency
Eimp= [-38.16593522 -38.26510458]
Edc=[ 38.22 38.22]
ncorr= 5.01358294333
#<sgather>: sgather.py
——————— DMFT part of the step # O done ---------
case=MnO, nom=100, ntail=300, insig=sig.inp, outsig=sig.inp[1-n]
S_00= [38.26987655713145, 38.35976476628431]
Edc= [37.425774429186845, 37.431910457048744]
..... Creating logarithmic mesh
————————— Preparing Charge calculation ---------
#<prep-dmft2>: x_dmft.py -d --mode ¢ -m 0 -x 1.0 -w 1.0 -p dmft2 >> ksum_info.out 2>&1
#<ssplit>: ssplit.py -n 100 -t 300
#<dmft2>: mpirun -np 2 ./dmft2 dmft2.def >> dmft2_info.out
#<lcore>: x -f MnQO Icore
#<mixer>: x -f MnO mixer
——————— LDA(charge) step 0 0 done ---------
#<lapwO>: x -p -f MnO lapwO
#<lapwi>: x_dmft.py -p lapw1
..... running: mpirun -np 2 ./lapw1 lapw1.def
————————— Preparing Charge calculation ---------
#<prep-dmft2>: x_dmft.py -d --mode ¢ -m 0 -x 1.0 -w 1.0 -p dmft2 >> ksum_info.out 2>&1
#<ssplit>: ssplit.py -n 100 -t 300
#<dmft2>: mpirun -np 2 ./dmft2 dmft2.def >> dmft2_info.out
#<lcore>: x -f MnQO Icore
#<mixer>: x -f MnO mixer
——————— LDA(charge) step 1 0 done ---------



which steps have finished when?

> less :log

Wed May 23 23:56:53 EDT 2018> (x) -f MnO lapwO
Wed May 23 23:56:54 EDT 2018>  lapw1

Wed May 23 23:56:55 EDT 2018>  dmft1

Wed May 23 23:56:56 EDT 2018>  impurity

Wed May 23 23:59:38 EDT 2018>  dmft2

Wed May 23 23:59:39 EDT 2018> (x) -f MnQ Icore

Wed May 23 23:59:39 EDT 2018> (x) -f MnO mixer
Wed May 23 23:59:39 EDT 2018> (x) -f MnO lapwO
Wed May 23 23:59:40 EDT 2018>  lapw1

Wed May 23 23:59:41 EDT 2018>  dmft2

Wed May 23 23:59:42 EDT 2018> (x) -f MnO Icore

Wed May 23 23:59:42 EDT 2018> (x) -f MnO mixer
Wed May 23 23:59:42 EDT 2018> (x) -f MnO lapwO
Wed May 23 23:59:43 EDT 2018>  lapw1

Wed May 23 23:59:44 EDT 2018>  dmft2

Wed May 23 23:59:44 EDT 2018> (x) -f MnO Icore

Wed May 23 23:59:44 EDT 2018> (x) -f MnO mixer
Wed May 23 23:59:44 EDT 2018> (x) -f MnO lapwO
Wed May 23 23:59:46 EDT 2018>  lapw1

> less MnO.dayfile

cycle 0  Wed May 23 23:56:53 2018 30/30 to go

>lapw0  ( 23:56:53)

>lapw ( 23:56:54 )

>dmft ( 23:56:55)

>impurity ( 23:56:56 )

>dmft2  (23:59:38)

>lcore  (23:59:39)

>mixer  (23:59:39)

:.ENERGY convergence: 0.00275430000011
:CHARGE convergence: 0.269067

.EF  convergence: O



Some output files

Check current impurity hybridization function

> plot -ul:3,1:5 -x:10 MnO.dlt|

L A\

imaginary part of eg | | imaginary part of t2g

Check impurity Green's function

> plot -x:20 -g -ul:3,1:5 imp.0/Gf.out.?. |

Check self-energy
> plot -x:20 -g -ul:3,1:5 imp.0/Sig.out.?. |

-0.1
02k
-03 F

04 k

-0.01
-0.02 n
-0.03 |
-0.04 |

-0.05

-0.09

MnO.dit1 U 1:3 e
MnO.dit1 U 1:5  =——

hybridization vanishes
at w=0. Charge gap!

|\ G al

O gapped.

G converges even
on two cores.

imp.0/Gf.ou
imp.0/Gf.ou
imp.0/Gf.ou
imp.0/Gf.ou
imp.0/Gf.ou
imp.0/Gf.ou

'l
12

'l
14

'l
16

'l
18

20



Some output files

Check difference between impurity and lattice
occupancy

> plot -g -ul:9,1:10 info.iterate

Check convergence of electronic charge

> grep :CHARGE' MnOQO.dayfile

Check what impurity solver is doing

>less imp.0/nohup_imp.out.000

5.1

5.05

4.95 p-|--

49 b

4.85 J rrrrrrrrr

info.iterate u 1:9 =
info.iterate u 1:10 ==

conve

9e.

impurity and lattice
occupancy should

4.8 L L L L L
0 10 20 30 40 50 60 70 80 90

:CHARGE convergence: 1.0
:CHARGE convergence: 0.272381
:CHARGE convergence: 0.208401
:CHARGE convergence: 0.094013
:CHARGE convergence: 0.075578
:CHARGE convergence: 0.071506
:CHARGE convergence: 0.014747
:CHARGE convergence: 0.005258
:CHARGE convergence: 0.001651
:CHARGE convergence: 0.00165
:CHARGE convergence: 0.00068
:CHARGE convergence: 0.00045
:CHARGE convergence: 0.000309
:CHARGE convergence: 0.000188
:CHARGE convergence: 0.000108
:CHARGE convergence: 6.2e-05
:CHARGE convergence: 2e-05
:CHARGE convergence: 0.085869
:CHARGE convergence: 0.075714
:CHARGE convergence: 0.055726
:CHARGE convergence: 0.026821
:CHARGE convergence: 0.014785
:CHARGE convergence: 0.010197
:CHARGE convergence: 0.001906
:CHARGE convergence: 0.001064
:CHARGE convergence: 0.000376
:CHARGE convergence: 0.000176
:CHARGE convergence: 2.le-05

100



Postprocessing : maxent

> mkdir maxent; cd maxent create new directory for analytic continuation

> cp ../sig.inp. 10.1] . copy the latest self-energy
alternatively, take average over previous run:

saverage.py $RESULTS/MnO/sig.inp. | ?.1

> cp $RESULTS/MnO/maxent/maxent_params.dat .  need several parameters

params={'statistics": 'fermi’, # fermi/bose

‘Ntau'  : 300, # Number of time points

L : 20.0, # cutoff frequency on real axis

'x0' : 0.005, # low energy cut-off

‘bwdth' : 0.004, # smoothing width

‘Nw' : 300, # number of frequency points on real axis

‘gwidth"  : 2*15.0, # width of gaussian

'idg' 1, # error scheme: idg=1 -> sigma=deltag ; idg=0 -> sigma=deltag*G(tau)

‘deltag’ :0.004, # error

'‘Asteps’  : 4000, # anealing steps

‘alpha0' : 1000, # starting alpha

'min_ratio' : 0.001, # condition to finish, what should be the ratio

iflat’ o 1, # iflat=0 : constant model, iflat=1 : gaussian of width gwidth, iflat=2 : input using file model.dat
‘Nitt"  : 1000, # maximum number of outside iterations

'Nr' . 0, # number of smoothing runs

'Nf' . 40, # to perform inverse Fourier, high frequency limit is computed from the last Nf points

J

> maxent_run.py sig.inp.|0. | run maximum entropy



Postprocessing : maxent

° f T
Check the resulting self-energy on real axis ) N / / | \

> plot -g -ul:3,1:5 -x-20:20 Sig.out  ° \ \ // \/

Mott gap with delta-function in
the gap



Postprocessing : Density of states

> mkdir ../onreal; cd ../onreal Create another directory for real axis DOS

> dmft COpY.pY .. / copy converged results on imaginary axis

If you do not have your own results, use:

dmft_copy.py $RESULTS/MnO

>cp ../maxent/Sig.out sig.inp  copy maxent real-axis self-energy to this directory

edit the second line of MnO.indmfl file and change the flag matsubara to O

51515 # hybridization band index nemin and nemax, renormalize for interstitials, projection type

0.025 0.025 200 -3.000000 1.000000 # matsubara, broadening-corr, broadening-noncorr, nomega, omega_min,
omega_max (in eV)

1 # number of correlated atoms
1 10 # iatom, nL, locrot
2 7 1 # L, gsplit, cix
changed file:
51515

# hybridization band index nemin and nemax, renormalize for interstitials, projection type
@0.025 0.025 200 -3.000000 1.000000 # matsubara, broadening-corr, broadening-noncorr, nomega, omega_min,
omega_max (in eV)
1 # number of correlated atoms
1 0 # latom, nL, locrot

1

]
2 7 # L, gsplit, cix



Postprocessing : Density of states

> ¥ Iapr -f MnO Recompute potential (lapwO)
> x_d mft,py Iapwl Recompute KS bands
> x_d mft.py dmftl Recompute Green’s function on the real axis
Check resulting DOS S

harge Mott gap.
> plot -x-10:10 -uall MnO.cdos charge Mott gap

Check Green’s t2g and eg Green’s function

> plot -x-10:10 -ul:3,1:5 MnO.gc|

valence state 1s from Mn-d.
conduction state 1s not-Mn-d

-03




Check with Experiment

MnO

0.0

— EDMFTF

e o Exp XPS+BIS |

Exp:
Sawatzky et.al., PRB 44, 1530 (1991)

Other methods (M. Scheftler):
PRB 82, 045108 (2010).

[
o
— (\) (OV) ~

Density of States [arb. unit]

1O

Should be careful with
direct comparison(surface
ISsues, matrix elements
effects, low resolution for
inverse Ph). Nevertheless,
the agreement good, and
far superior than LDA+U
or GW.

. A I B B
108 6 4 -2 0 2 4 6 8 10 12 14

_ Energy [eV]



Postprocessing : A(k,w)

> cp $RESULTS/MnO/onreal/MnO.klist_band .  copy k-list path

can be created by xcrysden

> x_d mft,py |apw | --band recomputed KS bands on the current k-path.

edit the second line of MnO.indmfl file and change omega_min,
omega_max to -6 6 . We use 200 frequency points

51515 # hybridization band index nemin and nemax, renormalize for interstitials, projection type

0 0.025 0.025}200 -3.000000 1.000000 |# matsubara, broadening-corr, broadening-noncorr, nomega, omega_min,
omega_max (in eV)

1 # number of correlated atoms
1 10 # iatom, nL, locrot
2 7 1 # L, gsplit, cix
changed file:
51515 # hybridization band index nemin and nemax, renormalize for interstitials, projection type

0 0.025 0.025|200 -6.000000 6.000000 |# matsubara, broadening-corr, broadening-noncorr, nomega, omega_min,
omega_max (in eV)
1 # number of correlated atoms
1 0 # iatom, nL, locrot
1

]
2 7 # L, gsplit, cix

> X_C| mft.py dmftp computed and store DMFT bands (eigvals.dat) on the same k-path



We did not change EF during self-consistent run, therefore “EF.dat” file was not yet
created. For metals “EF.dat” should exist already. Check “mu” from info.iterate and
copy it into “EF.dat”

> echo 6.530817 > EFdat

> wakplot.py 0.02 display the DMFT eigenvalues.

T Should see picture like:
adjust this number to have

best contract

Mn-2tg state

itinerant 4s-state

hybrid Mn-eg state+ .

O-p state =

(Zhang-Rice physics) y
Exp: optical gap ~3eV,
PRB 58, 9783 (1998).




Exercise 2: FeSe example (iron superconductor)

> cd FeSe directory with Wien2k DFT run.

> init_dmft.py -ca |,2 -ot d,d -gs 2,2
atom 1 and 2 are the

two Fe in the u.c. They
are correlated.

“d” orbitals in real harmonics
with tetragonal symmetry

orbital type:
The “d” orbital is
correlated by DMFT



Add ‘“‘params.dat” and “‘sig.inp”’
> cp $RESULTS/FeSe/DMFT/params.dat .

solver =
DCs =

max_dmft_iterations = 1

'CTQMC' # impurity solver
'nominal' # double counting scheme

# number of iteration of the dmft-loop only

max_lda_iterations = 100 # number of iteration of the LDA-loop only

finish = 30 # number of iterations of full charge loop (1 = no charge self-consistency)
: ntail = 300 # on imaginary axis, number of points in the tail of the logarithmic mesh
metal requires to
cc = 2e-5  # the charge density precision to stop the LDA+DMFT run
com pUte EF at eaCh ec = 2e-5  # the energy precision to stop the LDA+DMFT run
Iteratlon —3p recomputeEF =1 # Recompute EF in dmft2 step. If recomputeEF = 2, it tries to find an insulating gap.
—» GoodGuess =True

will start with a good
guess for sigma

iparams0={"exe"

o
> "éoulome"
use rotationally rovg, Imax
invariant Coulomb U i
T o
nom
number of MC steps Sonalip!
will change. start with i
10M, and later 20M )

> cp $RESULTS/FeSe/DMFT/sig.inp .

# Impurity problem number 0

: ["ctgmc” , "# Name of the executable"],

: [5.0 , "# Coulomb repulsion (F0)"],

:[0.8 , "# Coulomb repulsion (F0)"],

:["'Full™ , "# Can be set to 'Full"],

1[50 , "# Inverse temperature"],

: [25 , "# We will use SVD basis to expand G, with this cutoff"],
:[10e6 , "# Total number of Monte Carlo steps"],

: [ [10e6]*5 + [20e6], "# Changing M"],

:['SH" , "# We will use self-energy sampling, and Hubbard | tail"],
: [200 , "# Number of Matsubara frequency points sampled"],
:[100 , "# How often to record measurements"],

: [1000000 , "# How often to try a global flip"],

:[3e5 , "# Warmup number of QMC steps"],

:[6.0 , "# Nominal occupancy nd for double-counting"],

# We have a good guess for self-energy, and the scheduler optimizes run for good existing self-energy

copy a good guess for self-energy
to achieve faster convergence.



Prepare & execute

> x kgen -f FeSe

1000
Do you want to shift k-mesh:|
> run_lapw -NI

> mkdir LDA: mv * LDA/  Optional: move LDA data to directory LDA and
: start new calculation in directory DMFT.
> mkdir DMFT; cd DMFT Copy necessary data to new directory by

> dmft_copy.py ../LDA dmft_copy.py script.
> echo "mpirun -np 2 -x OMP_NUM_THREADS=1" > mpi_prefix.dat

> run_dmft.py >& nohup.dat

Monitor the run

> |less info.iterate check the summary file

> |ess dmft_info,out see what/how is executed

> |ess imp.0/nohup_imp.out.000 check what impurity is doing
> |less Fese.dayﬁ|e execution log+convergence

> plot -g -ul:9,1:10 info.iterate impurity occupancy convergence




Note: due to a flag “GoodGuess=True” in
params file, the calculation started with
converging electronic charge on the
currently provided selt-energy (sig.inp),
and impurity solver is run only after the
charge is converged.

> plot -x:10 -g -ul:3,1:5,1:7,1:9,1:11 imp.0/Sig.out.?.| plot impurity self-energy

Checking the amount of force on atoms

We can switch on the calculation of force on atoms by changing a variable
in FeSe.in2

currently FeSe.in2 line1 contains:

# FeSe.in2, line 1 :
TOT (TOT,FOR, QTL,EFG, FERMI)

change to:

# FeSe.in2, line 1 :
FOR (TOT,FOR, QTL,EFG, FERMI)




After this change, FeSe.scf should contain a printout of the total force, for example:

TOTAL FORCE IN mRy/a.u. = |F| Fx Fy Fz with/without FOR in case.in2
:FOR001: 1.ATOM 0.000000 0.000000 0.000000 0.000000 total forces
:FOR002:  2.ATOM 19.938644 0.000000 0.000000 -1.226529 total forces
TOTAL FORCE WITH RESPECT TO GLOBAL CARTESIAN COORDINATES:
:FCA001: 1.ATOM 0.000000 0.000000 0.000000 total forces
:FCA002:  2.ATOM 0.000000 0.000000 -1.226529 total forces
TOTAL FORCE WITH RESPECT TO THE GLOBAL COORDINATE SYSTEM:
:FGLO0O01: 1.ATOM 0.000000000 0.000000000 0.000000000 total forces
:FGL002:  2.ATOM 0.000000000 0.000000000 -1.226529 total forces

This format is identical to the format in Wien2k, and it says that the Se atom has a force in z-direction of -1.22mRy/a.u. (for different RKmax, it might be
somewhat different value). We can grep the force at each step by
grep ':FGL002' FeSe.scf

Note: force of a few mRy/a.u. is very small and says that
the structure is already optimized. This Is because z-
position of Se z=0.27 in this structure file is very close to
its equilibrium in DMFT (and experiment).

The LDA equilibrium value is z=0.245, which would
create very large force in DMFT.

The DFT equilibrium value is z=0.245
DMFT equilibrium value : z=0.268
Experiment : 2z=0.265

If you wish to optimize the structure (which is not needed in this case), you just need to edit FeSe.inm file and
change MSRI1 in the first line to MSR1a ,1.e.,

# FeSe.inm, line 1:
MSR1la 0.0 YES (BROYD/PRATT, extra charge (+1 for additional e), norm)



Postprocessing : maxent + dos

Maximum entropy steps are identical as in previous MnO example. The same
maxent_params.dat file should be good.

> mkdir maxent; cd maxent
> cp ..[sig.inp .
> cp $RESULTS/MnO/DMFT/maxent/maxent_params.dat .

> maxent_run.py sig.inp

> mkdir ../onreal; cd ../onreal
> dmft_copy.py ../
>cp ../maxent/Sig.out sig.inp
edit the second line of FeSe.indmfl file and change the flag matsubara to O
> cp ../mpi_prefix.dat .
> x lapwO -f FeSe
> x_dmft.py lapw
> x_dmft.py dmftl



> plot -x-10:10 -uall FeSe.cdos

total DOS

should give the =t

following DOS:

Fe:1 partial DOS

> cp $RESULTS/FeSe/onreal/FeSe.klist _band .

> x_dmft.py lapw| --band

edit the second line of FeSe.indmfl file and change omega_min,
omega_max to -1 1. We use 200 frequency points

> x_dmft.py dmftp

0.75

> wakplot.py 0.5 050
P PY should give the

following spectra:

0.25

0.00 B

-0.25

-0.50

-0.75

—1.00



Thank you!



Why DOES |.P.A. EVER work?

1) Due to Pauli exclusion principle, the fermions tend to avoid each other, and single particle
methods take into account fermi statistics through use of the Slater determinants. (Small

phase space for scattering)

2) Conservation laws are unchanged by the interaction and suggests continuity of the non-
interacting picture.

Example: Bloch theorem for single-particle states leads to the concept of bands.

H(uk(r + R)e™) = e (uk(r + R)e™™)

3) Fermi liquid theory: there should be a one-to-one correspondence between the excitations
of the non-interacting system and the low energy quasiparticle excitations if continuity is
satisfied [no intervening phase transition, like metal-insulator transrtion]

4) The "Luttinger theorem’ states that, so long as the actual interacting system can be
considered to evolve continuously from a non-interacting system, the volume enclosed by the

Fermi surface does not change.

D) Screening Is strong in simple metals, so that effective onsite Coulomb repulsion is only of
the order of a few eV in Cu or Fe. But is of the order of 10eV in transition metal oxides.



