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1. Introduction



Standard model of solids (Fermi liquid theory)

" Density Functional Theory (Kohn & Hohenberg 1964, Kohn & Sham 1965)
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" This paradigm now enables material design and theoretical spectroscopy for
weakly correlated electrons. It fails in a broad class of interesting materials.

Correlated Electron Systems. Non perturbative problem. Need new starting
point.



First-principles +DMFT: LDA+DMFT
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e Many successful stories of LDA+DMFT including metal insulator transition in
transition metal oxides

e Many new features including total energy, forces, exact double-counting energy
e Position of La-f, O-p

[1] K. Haule, T. Birol, and G. Kotliar, Phys. Rev. B 90, 075136 (2014).
[2]G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet, and C. A. Marianetti, Rev. Mod. Phys. 78, 865 (2006).



GW and EDMFT

GW DMFT

[1] P. Sun and G. Kotliar, Phys. Rev. B 66, 085120 (2002).
[2] S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev. Lett. 90, 086402 (2003)

[3]F. Nilsson, L. Boehnke, P. Werner, and F. Aryasetiawan, Phys. Rev. Materials 1, 043803 (2017).



GW+EDMFT: diagrammatically controlled ab initio theory

Local diagrams within GW
GW DMFT

¢ a diagrammatical route to calculate on-site strong correlation and non-local
correlation
e first-order non-trivial correction to DMFT or local correction to GW

[1] P. Sun and G. Kotliar, Phys. Rev. B 66, 085120 (2002).
[2] S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev. Lett. 90, 086402 (2003)

[3]F. Nilsson, L. Boehnke, P. Werner, and F. Aryasetiawan, Phys. Rev. Materials 1, 043803 (2017).



2. GW+EDMFT

[1] T. Ayral, S. Biermann, and P. Werner, Phys. Rev. B 87, 125149 (2013).



Hedin's equation

e Hedin’s equation
>(1,2) = —[d(34)G(1,3+)W(1,4)F(3,2,4), (1)

G(1,2) = Go(1,2) + /d(34)G0(1,3)2(3,4)(?(4,2), (2)

I'(1,2,3) = 8(1 —2)8(2 — 3),

02(1,2)
+ f d(4567) 3G(@.5)

G4,6)G(7,5)1I'(6,7,3),

(3)

[1(1,2) = fd(34)G(1,3)F(3,4,2)G(4,1+), (4)

W(l,2) = v(1,2)+/d(34)v(1,3)H(3,4)W(4,2). (5)
o If T'(1,2,3) ~ §(1-2)§(2-3)
>V = —_GA,2)W(1,2) T1(1,2) = G(1,2)G(2,17)

[1]L. Hedin, Phys. Rev. 139, A796 (1965).



GW loop
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G: Green’s function

Y. electron self-energy

P: polarizability

W: screened Coulomb interaction

G: fermionic Weiss field
U: bosonic Weiss field
Gimp: impurity Green’s function

Pimp:
Ximp-

XpC
Ppc

impurity polarizability

: impurity susceptiblity

: double-counted self-energy

: double-counted polarizability




Extended Dynamical Mean Field Theory for U-V Hamiltonian

e DMFT formalism for models with spatially non-local interactions
e Model Hamiltonian example: U-V Hubbard model

H:_tZ(Cjach +HC)—MZI@1 —I—UZniTnii—i—VZninj,
(ij)o i i (ij)
e Actions formulation

B
Slc*,c] =f dT{ E Ciy (D0 — 1)8ij + tijlcjo(T)
0

ljo
1
+U Y nig(Ongy (1) + > > U;’;.lni(r)nj(r)}.
] 1y
* Rewriting the action using the identity  n;n; = 2niyniy +n;
p 1
S[c*.c] = /O dr{ ;C;‘G(r) [(3: — ) 8ij + tij] cjo () + > 2,: vijni(r)nj(r)}.
where Vij = U8lj—|—v5<”) and ﬁ=M+U/2

[1] Q. Siand J. L. Smith, Phys. Rev. Lett. 77, 3391 (1996).

[2] H. Kajueter, Ph.D. thesis, Rutgers University, New Brunswick,(1996).
[3]R. Chitra and G. Kotliar, Phys. Rev. Lett. 84, 3678 (2000).

[4] T. Ayral, S. Biermann, and P. Werner, Phys. Rev. B 87, 125149 (2013).



Extended Dynamical Mean Field Theory

e To map this problem onto single-site impurity model, we need to decouple spatially non-
local interactions by using a Hubbard-stratonovich transformation for a real and B-periodic

field.
1 [P
exp (5[ dtbi(r)Aijbj(r))
0

DIx1(7),x2(7), .. .] p 1 _
=[ \/1(27r)deetA eXP(fO dr{—ixi(r)[A l]fjxj(f):in(T)bi(T)})

e Then the action becomes

p p
ster 1= [ ae| - X e @l68) e + [ ar

1jo
1
X {5 Z¢i(f)[v_l]ij¢j(f) +ix Zﬁbi(f)ni(f)}»
ij ;
where [Gg_l]ij = [(—0; + 1 + %)5;'; — 1]

Bare fermionic and bosonic fields coupled by a local coupling
The physically relavant case correspondsto a =1



Extended Dynamical Mean Field Theory

e By integrating out all sites but one in the action in the infinite dimension limit

p
SEDMFT —f drdt’ ch(r)g_l(r — e (T))
0 a

p
+ % / dr dt'¢(U(z — (T
0

p
41 / dto(t)n(t),
0
Where G~' = Gy, + Simp and U™ =W, L + Pinyy
e by integrating out the ¢ field

p
SEDMFT —[ dr dt’ ch(r)g_l(r — e (T))
0

g

1 [F 1
+ 5 f drdt'n(t)U(t — t')n(t’) — ETran,
0

e Green’s function to be computed within EDMFT
Gimp = —(T'c(1)c™(0))



Extended Dynamical Mean Field Theory

* How to compute W,

olnz olnz  oU olnz
Wimp 5771 S U1 U 52/ U U{Tn(T)n(0)U +U

Wimp =U — Z/[Ximpu




EDMFT loop

Gk, iw,) = Gyt (K, iwn) — Timp(iwn)
Wk, iw,) = V7 Hk) — Py (iwn)

_ 1
Eimp — t— szp Gloc ?,wn — Z G k an
Wimp =U — uXimpu
Pimp =U"" — W,

1mp

—1
Gloc + Eimp
—1
U loc + P tmp
G: fermionic Weiss field
U: bosonic Weiss field
G: Green’s function Gimp: impurity Green’s function
>:: electron self-energy Pimp: impurity polarizability
P: polarizability Ximp: iImpurity susceptiblity
W: screened Coulomb interaction Y.pc: double-counted self-energy

Ppc: double-counted polarizability




GW+EDMFT as a electronic structure theory

e \\Vithin EDMFT, fermionic as well as bosonic self energy are local.

e a way to restore the non-local self energy by adding the first non-trivial non-local

diagrammatic correction

Y(k,iw,) = Xaw (K, iwy,) + fx (iimp(iwn) - gjDC’(Z"*‘)TL)) f]l

P(k,iv,) = Pow (k, i) + by (ﬁimp(wn) _ ﬁDC(zyn)) bl

A new Notation from now on

A — (r|A|r")

f = (r|cy)— a orthonormal basis set for correlated orbitals

b = (r|cp)— a orthonormal product basis set composed of correlated orbitals

A (cr|Alc}) for a fermionic quantity and (cp|Alcy) for a bosonic quantity

[1]P. Sun and G. Kotliar, Phys. Rev. B 66, 085120 (2002).
[2]S. Biermann, F. Aryasetiawan, and A. Georges, Phys. Rev. Lett. 90, 086402 (2003).

[3]P. Sun and G. Kotliar, Phys. Rev. Lett. 92, 196402 (2004).



GW+EDMFT loop

P(k,iv,) = Pow (k,iv,) + bk ( Pipnp (1) — ﬁpc(iyn)) bl];

iimp =G - éi—n,lbp G_l(ka twn,) = Gch(k, iwn,) — X(k, iwy,)
__ -~ o Wk, iw,) = V1 (k) — Pk, iw,)
Wimp =U - Z/[Ximpu

Py =U" " =W 1

1mp
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gN—l

u—l

Clloc + E@mp
Wl;cl + ﬁ rmp

G: fermionic Weiss field

U: bosonic Weiss field

Gimp: impurity Green’s function
Pimp: impurity polarizability

Ximp: 1Mpurity susceptiblity

Y.pc: double-counted self-energy
Ppc: double-counted polarizability

G: Green’s function

>:: electron self-energy

P: polarizability

W: screened Coulomb interaction




3. partial self-consistency within LQSGW+DMFT



GW+EDMFT loop

P(k,ivy) = Pow (k, i) + bi (Pmp(wn) ﬁDC(zun)) bl

iimp =G! Gz_mp Gk, iwn) = Gy (k,iwn) — 2(k, iwy,)
__ -~ o Wk, iw,) = V1 (k) — P(k,iw,)
Wimp =U — Z/[szpu
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G: fermionic Weiss field

U: bosonic Weiss field

Gimp: impurity Green’s function
Pimp: impurity polarizability

Ximp: 1Mpurity susceptiblity

Y.pc: double-counted self-energy
Ppc: double-counted polarizability

G: Green’s function

>:: electron self-energy

P: polarizability

W: screened Coulomb interaction




Various simplified approaches to GW+EDMFT

e fixing Bosonic quantities at the GW level

e U from constrained random phase approximation (cRPA) [1] and its extension [2]

e One-shot DMFT approach: G_{MF} is fixed

e For the construction of G_{MF}: one-shot GW [6,7], Screened Exchange [3], QSGW [4]
and LQSGW [2], non-local QSGW and LQSGW [5]

G_l(k, z'wn) = G]T41F (k7 iwn) - fkiimp(iwn)fli

iimp _ g—l _ é—l &= (k, iwn} = UO — (1& iwn} = a\n Lwn}

=il 17—1/1,)
— ~ ~ ~ M*ﬁ_a Car) P@W

Tmp T p
Np —1  yar—1
mmp ‘7"/ TUzmp 1
Gloc(iwn) — AT Z fliG(ka iwn)fk
-1 _ A1, 5 Mic 0
g — C:loc + Zimp = 1

=1 __ 1 Wt N, EEEH erdeombr

E!_ — YWioc !qu,mp

*) Multitier-GW+EDMEFT [8] approach has been proposed: full GW+EDMFT
approach in the low-energy regions

[1] F. Aryasetiawan et al., Phys. Rev. B 70, 195104 (2004). [2] S. Choi, et al., Npj Quantum Materials 1, 16001 (2016).
[3] A. van Roekeghem, et al., Phys. Rev. Lett. 113, 266403 (2014). [4] L. Sponza et al., Phys. Rev. B 95, 041112 (2017).
[5] J. M. Tomczak, J. Phys.: Conf. Ser. 592, 012055 (2015). [6] J. M. Tomczak et al., Phys. Rev. B 90, 165138 (2014).
[7] C. Taranto et al., Phys. Rev. B 88, 165119 (2013). [8] F. Nilsson et al., Phys. Rev. Materials 1, 043803 (2017).



LQSGW+DMPFT validation on La2CuO4

a

eesee LHxp
—-- LQSGW+DMFT
———- LQSGW

---- LDA+DMFT
- LDA

DOS

10 5 0 5 10
E — Ep(eV)

e | DA+DMFT and LQSGW+DMFT opens a paramagnetic Mott gap

e L QSGW predict a metal in non-magnetic calculation and an insulator in spin-polarized calculation.

But its gap is too big (3.4 eV vs ~2 V)

¢ | DA predict a metallic phase

e better O-p and La-f position within LQSGW+DMFT

[1]S. Choi, A. Kutepov, K. Haule, M. van Schilfgaarde, and G. Kotliar, Npj Quantum Materials 1, 16001 (2016).




DOS

Choice of local orbitals

PDOS

T

- Las Cu04

dx2 _y2 )

co10) N

BEG = Y Rt VRN s 1 M o T
E-E (V) E-E_(eV)

e U and %D are self-consistently determined
¢ |dentical Mott gap regardless of the choice of orbitals

e The position of Lower Hubbard band is sensitive to the choice



LQSGW+DMEFT validation on NiO

Static U Dynamical U
. : . 4.0
—— LDA+DMFT — LQSGW + DMFT
— LQSGW+DMFT@U ] — LOSGW

._ Exp 3.0

2.5

2.0~

DOS

1.5 1

1.0 1

0.5 1

0.0

e a proper choice of static U gives similar spectral function to Exp and full
LQSGW+DMFT



Linearized Quasiparticle Self-consistent GW (LQSGW)

e \Why LQSGW, not one-shot GW or Full GW?

Full GW Oneshot GW

Electron gas

0.4 | T GoWo(0) GoWo(0.25)
Full s-c. 7
02 |_-_. Partial s-c. // : Si 1.26 1.75
00t |7 hemi Ge 003 o
_ ! SiC 3.08 3.74
0.2 i - AIN 4.81 5.79
‘ 4 | C 5.62 6.34
& GaAs 1.21 1.83
ui’ 1 GaP 2.42 2.97
] GaN 2.75 3.67
ZnO 2.02 3.32
i ZnSe 2.28 3.06
A MoS, 1.39 1.69
. TiO, 3.27 3.96
Mo 02 02 06 08 10 12 HfO; 5.67 6.63
Kk, Si0, 8.36 9.39
MgO 6.71 8.02
e G,W,: band narrowing (consistent with exp) LiF 13.13 14.43
* GW: band widening. Worse than G,W, e Starting point dependent (PBE vs PBEQ)

[1]B. Holm and U. von Barth, Phys. Rev. B 57, 2108 (1998). [1]W. Chen and A. Pasquarello, Phys. Rev. B 90, 165133 (2014).



Projector (f,) construction by using Wannier functions

* From tight-binding model
Ink) =

m- zk-R|7_R>

ITR) = m Z k)e " B|nk)

e One way to construct orthonormal basis set of |[TR) from |nk) , or to determine U (k)
— by minimizing total spread

Q= Z r’ — (r)2g)-r ,where (4)rr = (R7|A|RT)

— Under the constraint that it preserves band eigenvalues E, ik in the inner
(frozen) window

* Our default choice of inner (frozen) window: E_+ 10eV

¢ then a projector to correlated orbitals

fr = (r|7k) = Z k)(r|nk)



Product basis (b,) construction by using Wannier functions

¢ \With products of Wannier functions for correlated orbitals

Brr(r) = Wa—or (t) Wii_o, (r)
e Orthonormalized product basis can be represented as a linear combination of
the product C

I'|Cb ZXT T/ bB'TT )
e The coefficient X can be calculated by diagonalizing the overlap matrix of C

07‘1,7'2;7'3,7'4 — <B7'1,7‘2 |B7'3,7'4>

E OT1,T2;T3,T4D7'3,7'4;5 — FbDT1,7'2;b

T3,T4

1
N Dry a0

XTl 77-2;b —



Wannier-interpolation of LQSGW bandstructure (H )

e The more |localized orthonormal basis set = the sparser H matrix in the R space
¢ \\ith localized basis set, hopping energy are essentially 0 beyond a few
neighbours.

e |f the supercell defined by k-grid is larger than the hopping range, we can
interpolate the bands at a arbitrary k point

H, (k) =) (rknk)Hp (k) (mk|r'k)

F(R) f(k)

. & & 9 9 = & & »
e e I e S
. & 92 % 5 5 9 »
s 5 & 5 5 5 5
.85 9 8 9 »
.9 5 5 9 5 0 4 »
e e e .

N
Y




Coulomb interaction matrix from cRPA

Suppose that the band-structure of a given solid can be separated in to a
narrow band near the Fermi level and the rest.

Divide the complete Hilbert space into the subspace for the correlated
orbitals and the rsst

Aim: calculate the effective interaction between the correlated orbitals.

This interaction has to be bare with respect to the correlated orbitals but
renormalized with respect to the rest

[1]F. Aryasetiawan, M. Imada, A. Georges, G. Kotliar, S. Biermann, and A. .
Lichtenstein, Phys. Rev. B 70, 195104 (2004).



How to define PQP'OW

e How to pick bands in the correlated subspace:

- We pick the same number of bands as the number of correlated orbitals

- The orbital character of the selected bands are mostly from the correlated
orbitals

Pop = P5E + PyE"

unocc occ
in the space in the space

Péﬁ,"(r, r' k,iw,) = —Nj Z Z Z
K/ n m

2(Enx — Enx4x)
* * / /
P (0)Yrmaer 11 (0) Yraer (0 Y (v )w% — (B — Enqi)?’

Wk, iw,) = Wk, iw,) + Péf})” (k, iwy,)
U(iw,) = W,.(R =0,iw,)




Double counting energy




LQSGW+DMFT loop

Y(k,iw,) = — /6 dTZ Z(k)_l o 82(12,:) =0)
Gor(R,7) - W(R, ﬂeik'R—wm Hqp(k) = /Z(K) (Ho(k) + 3(k,w = 0)) \/Z (k)

P(k, iw,) = /Oﬁ dry

R
Gor(R,7) - Gop(—R, —7)elR=wnT) Wk, iw,) = V k) — P(k, iw,)
fr = (r|7k) = Z k)(r|nk) bk = ZXT,T/;b(r|R =0,7)(R=0,7|r)

For the GW/LDA part of the GW+DMFT/LDA+DMFT scheme, the code FlapwMBPT was used.

[1]A. L. Kutepov, V. S. Oudovenko, and G. Kotliar, Computer Physics Communications 219, 407 (2017).
[2]A. Kutepov, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 80, 041103 (2009).

[3]A. Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, Phys. Rev. B 85, 155129 (2012).




LQSGW+DMFT loop

W, (k,iw,) = Wk, iwy,) + PEE (K, iw,)

~

U(iw,) = WT(R =0, iwy,)

ZDC an — ZQle

Uzjkl(ZVn—O Z/dTle( )Wloczklj( ) W T
k.l




LQSGW+DMFT loop

G~1 (k, iwy,) = iw H

‘\/ DC HQP‘\/ ZDC

szzmp(zwn)fk
— AZpo(w =0)f

Zpe(k) = fi (1 — 8ZDCEE: )> fi
Groeliton) = 5= > HG(,iwn) f

e fixing Bosonic quantities at the GW level
e U from constrained random phase approximation (cRPA)
e One-shot DMFT approach: G_{MF} is fixed

e For the construction of G_{M

F}: non-local LQSGW




CTQMC with dynamic interactions
and GPU acceleration



CTQMC

Z// 7)Go (T — T)ei(r deT+Z// Wi i (T —

® Split Impurity Model action § =54+ Sp

e Expand Z=/D[c*,c]e_SA_SB = Z/D[CT,C]G_SA(—SB)H

® Sample Z and get observables

= /D[c*,c]e‘SAo should be easy to evaluate !

SB SA /D[CT, cle 540
CT-INT interactions quadratic Wick
few degrees matrices or

CT-HYB hybridisation of freedom _segments®

e (7)) e (7)drdT’

retarded
interactions

v/

» -‘%



Split the action
Z// 7). i (T = Tei(r)drdr +Z// Wijri (T — ") er () ey (r)drdr’

® Goiiliwn) = iwn + 1 — €55 — Agj(iwn) =  Shyp = Z // (1) Ay (7 = 1), (7)) drdr’
(%]
o Z/{ijk:l(iyn) = U;}Okl + Uijkl(iun) :> den = Z // Q;(T)F[J(T — T/)QJ(T/)deT/
IJ
UI [J°°

=3 "¢ cl<z [|T)
U(ivy) o F(ivy,) / ' il
—y Usjri(tvy) = Z<i7l|I>FIJ(iVn><J|kaj>

> iU, IJ

o Hi. ._Z clery — pi)e; + 3 clelUS e = Siog = / S el (1)0rci(r) + Higele! (7), c(r)]dr

1kl

S = Swc + Shyp + | Sayn



Expand the partition function
Shyp = Z// (1) Ay (1 — 7')e; () drdr! Sayn = ;// QY () Fry(r = 7)Qu(7')drdr’

1
e 7 — /D[C, CT]e—Sloc—Shyb—den — Z W /D[C, CT]e_Sloc(_Shyb)n(_sdyn)m

n—l—m B B
J— / ~/
Z m'n' Z@ /0 dr - - - dry /0 dry - Z / dry - - dT,, /0 d o dT

nm
JiJn J
m n m

x Trfe™HeT [ [ el (7)e;, (7)) [] QL. (F)Qu GO x [ [ Aivs (7 = 70) x [ | Frov. (Fs — 7

r=1 s=1 r=1 s=1

A F
I
= FTr[e—BHlocTT...]f| + |_I_-_| + |._I L—| + l—ﬁ—l

0 3 c ¢! Q Qf

o H Airjr (Tr — 7'7,,) — Det[Aikjl (Tk — Tl,)] H F]SJS (7:5 — ’7';) — Perm[FIle (%k: — 7:{)]

r=1

crucial ! not convenient !



(Dress and) Sample

hl__H+Jﬂ

P IR B s v s RO

[Hioc, Q] # 0 : Sample by updating ¢, ¢ or Q,Qf for example

r'l

@' ([

l

. X
S TEET = NS Gl e N w yun
, ——=

da -t

—e i 1

(insert/remove)

[Hioe, Q] = 0 a) Dress

l—.—.—l——o-l—l—l——r[ljl_‘—llHI—F

_l_"_]

I
S oo men

B
(reconnect)

=, )

b) Sample by updating ¢, cl only

(*): Additional terms and conditions apply ....



Dress the expansion

e /= dT1'°'d7'n/d7'1 Z /d7-1 dTm/d R o
nm i1 iy > 11 I
31 ]n J1-
< Trfe T T e, (1)l (1) [T @1 (R)Qu, (F) x Detl iy (m — 7)) x T Fro, (o = 70
r=1 s=1 s=1
® Assume
(1) [Hioe, Q4] =0 (i) [Q%,cll =aqir -l and [QF,ci] = —qir - ¢
(1i1) [Qr, Q4] = [Q}, Qs] =0 (iv) 3Ky B-periodic such that K7, = Fy;

= 7 = Z Z / dry - - /dTl -dTT’lTr[e_BHIOCTT chr(’r;,)c;(n)] x Det[A(ry — 7])]

n zl zn r=1
J1Jn
n
xexp [ > > 14,0 (K1 (7 —7s) = Ky (7 = 70) = Kry (7). — 75) + K15(r = 71))]
r,s=1 IJ

Werner, P., and A. J. Millis (2010), Phys. Rev. Lett. 104 (14), 146401
T. Ayral, S. Biermann, and P. Werner, Phys. Rev. B 87, 125149



Dress the expansion

(¢) [Hioc,Qs] =0 (21) [QL CI] = Qi1 - CZT and [QL Ci| = —qir - ¢
(ZZZ) [Q[ QJ] [QI QJ] =0 (ZU) ElK]J B—periodic such that K}/J = F[J
d

= 7 THle = Tre(r)el (1) QT (F)Q(F)] =
(q-0(F —7)—q-6(F — 7)) Tr[e T (") (1) Q(F)]

v h by (iv
QMLSV v(n)

FQEN=?
—q(K'(r —#) — K'(r' = #))Tr[--- Q(#)

N7

) Trl- - QT (7)Q(

I g

N

vanish bg (iv)

:>// (7 — 7)Tr][- - QT(T)Q(’T )d7dT = {Wﬁlg ;z:zg

—¢*(K(tr—7)-K(r—7) =K' —7)+ K(t/ —7'))Tr[- - -]



Dress the expansion

o 7= dﬁ /dTl dr), > /d%l---d%m/d%{---dﬁfn
D I---1
Jl Jn JrIm
« Trle—BHeeT, HCJ ) [ @ (7)@Qu. (7)) x Det[A;, (1 — )] X [ [ Froo.(7s — 7
s=1 s=1

B
) //O drd7Trle” e, H M) QN F)QENF(F —7') =

r=1

— Z q> (K(Tr — 7)) — K(r — 7)) — K(1) — 75) + K(7,. — T;))Tr[e_ﬁHbCTT H C(T;,)CT(TT)]

7",3:1 r=1

= 7 = Z Z / dry - - / dr| - dr! Trle”PHoe T H cj, (T;)C,}LT(TT)] x Det[A;, j, (T — 71 )]

noodyeein r=1
]1 ]n

X exp | Z ZQiTIQjSJ(KIJ(Tr —75) — Kpy(mr = 70) = K15(7). — 75) + K15(1). — 71)) |
r,s=1 IJ



Assumptions (i-iii)

(i) [Hioe,Qs1=0 (i) [QV,cll=qr- ¢! and [Ql,ci] = —qir- e (id) [Qr,Qs]=1[Q},Qs] =0

® Density-Density

Hyoe = Z(G nz + Z Uijnmj = Q € {nz} (’17,z = CICi)

©J

/Z QO ; ™)e; (") drdr’ +/Zni(7')1/{ij(7 — 7 (") drdr’

e General
always
Hyoe = Z T Ez] /’Ld’bj Cj Z TUijlekCl - Q=N:= chci
gkl 1
SU(2) x SO3): S., L. (depends on basis ¢;) (ii):  S%L?

SO@3): J, (depends on basis ¢;) (ii):  F2



Assumption (iv)
(7v) 3IKj B-periodic such that K}; = Fy

® Siyn = //QT (1 — 7)Q(7")drdr’

=gt Z F(ivy,)e "nT F(ivy) ~ (iv,) 2

1
= K(7) = —=F(iv, =0)7 —|—AT—|—B—|—Z Vn) e~ WnT

26 X 5 i/

> 1y,

® Siyn = Sayn — /QT(T+)F(’iVn =0)Q(7)dr

= F(7)=F(1) — F(iv, = 0)d(7)

= K(1) = %F(’I/Vn = 0)|7|(|7| — B) + Z g(giyg)i;iynT
n#0 n

= Hipe := Hype + QT F(iv, =0)Q = Z T €5 — Moij)ci + chchfj,glc cl
1] 1jkl



Observables

Z:/D[CT,c]e_Szz:w(C,Q): H+|—C:£T. + F—Q:’-@n — -—C._—_'—-—'—n
C,Q

® [Expand observables as

C < ¢c configuration

Q Q,QT configuration

<O>:Z_1/D[C,CT]6_SO:Z_1><(|—5| 4 I—-EO—I + l—m0-| 4+ )

or use source fields

0

_ - — -I- p—
5A InZ (cc") =G
0

_ pr— T pr—
8F1HZ QA" =x

=

=

G=-71 Z %w(c, Q) (Green Function)

C,Q

_ 0
C,Q

(Susceptibility)

® Wite (O)=2"") o(C,Qu(C,Q) if possible !
C,Q



Susceptibilities

, B ow(C, Q)
Wwy) = —24 1 ,
x(ivn) C% OF (iv,)
.ZZZUJ(C,Q)Z H—l—r—:ll—l—l—l—:ln—l—l— [ T S
& c cf Q Q'
C <« ¢ c' configuration Q + Q, Q' configuration
pivn (7 —7)
F(7 —#) |
° aFa' |—l_ 1: — = ’ -9 F(r)=8"") F(iv,)e "7
) “giy o) Qi@ @) z

= angn)Jl—.—..'—L..._. U L o U A N S

O ez‘un(?’—%) Q| eiVn (7L —75)

| : |
F20 oFw,) = YBrGom T =2 azgw(ca@;w(@_@

v, (7' —7)

B

e
|
o

X(iyn) =z 1! Z TrC,QTQ X Dete X

C 77/

V.S. Z = ZTI‘C - Dete
C



SusceptibilitieS' Dressed expansion

Z:Zw(C):ZTerDetchxpC:H + %u + -—l—'—-[—-ln
c c; (T c;(T

C
C] ) ) ) )
Expe = exp ( Z gi, ¢, (K(1r — 1) = K(1 — 71) = K(7). — 75) + K (7} — 7';))
r,s=1
~ 1
K(1) = —F(iv, = 0)|7|(]7| = B) + Z
20 o 5
: ow(C) OExp,
Wy, 0: =T Det
705 Spy ~ Trex Dete x gpa S
|C’ Qi..q . . ’ . ’ . , ,
— X(’LVn) = Z—1 zc:w(C) P gyés (e’an(Ts—Tr) . e’LVn(TS—TT) . e’LVn(TS—T,,,) + e’LVn(TS—T,,,)>
: ow(C) OExp, OTre
Wp = = Tre X Dete X X Dete X E
OF (i) ¢ PO X GF G,y T aF (i) ¢ X BXPe

= x(iv,) = doityourself .... (Hioe = Hioe + Q" F(iv, = 0)Q)



Transition towards numerics ...

A
Z:Zw(C):ZTrchetc:HJr: =+ 1+ IR
C C ci(r)  al(r) C + c¢,c' configuration
e Choose impurity Basis {|a)}: (M;)a := (a|c;|b) (H)ap := (a|Hioc|b) o dap
C]|
= w(C) = Trle "I, [ [ My, (7/)M] (7,)] x Detc (M(7) := e™Me™ ™)
r=1

e Sample w(C) with Markov-Chain C; - Co — -+ — C¢ = Ceyq1 — - -

= (0)=2z"" ZO(C)M(C) ~ N1 ZO(Ct)
C t=1

® P(Ciy1|Cr---Cy) = P(Cii1]Cy) from Metropolis-Hasting

1) Propose C' (e.g. C':=Cy +ec,c')
q(C" = Cyw(C)
Q(Ct — C’)w(Ct)’

P(Ci11|Ct)

2) Set Cyy1 := C’ with prob. otherwise Ciy1 :=Cy




CPU

Memory D)

000

000
000
D00

Few but powerful compute cores

Optimised for sequential processing

=» minimise time per operation

Master

instructions

---------------- > | 0000000000000000000

9 DDD@ w.cata transter

GPU

(6ODDDDDDDDDDDDDDDDDD
00000000000000000000
= | 00000000000000000000
00000000000000000000
00000000000000000000
00000000000000000000

Memory
J

000000008000000000000
00000000000000000000
00000000000000000000
\OD000000000000000000

 Many but slow compute cores

* QOptimised for parallel processing

=» maximise operations per time

 Slave



What means ,parallel processing” ?

|
core ?

CPU GPU
« Cores can work independently « Cores are tied by groups of 32 (Warps):
NEEDEEDE - execute same instruction or wait
HEBEEEEE) - -
; be y
E vy £
\AAA vv '
v
* one QMC-simulation per CPU core ?  one QMC-simulation per GPU core ?
=+ Yes, good idea !! = No, bad idea !

| —— T

divide .
Cownclusiown: | algorithm SN ' sequentlal' + l parallel l
work part part

CPU CPU GPU




Profile CPU code

Implementation

]
e one Monte-Carlo simulation 14 2
per CPU core (using MPI) R RE
« several algorithmic optimisations 19
Profiling
K x L dense
w(C) = Trle” PBT, [[.MMT] x Detc \.

% [CPU time]

d-Shell f-Shell
K,L <30 K,L<300



Matrix-Multiplication

w(C) = Tr[e‘BHTTH:MMT] x Detc
@%’:::..Cf L;
ACY 0 0 3 B N -
00E 4 TeMMT a8
=
16 \ P

« one Monte-Carlo simulation (i.e. CPU core) uses GPU for matrix-multiplication

=» speed-up for this Monte-Carlo simulation: = ~ 6 <

* other Monte-Carlo simulations (i.e. CPU cores) work as usual

#MC samples CPU + GPU = N -1 +x

=» overall speed-up :=
P P #MC samples CPU N

~ 1.3 @

N : #CPU cores

« Matrices to small too small to keep GPU busy

» heed more paraiietism



Multiple (MPI) processes and GPU

« By default, GPU access from different MP| processes is sequential

000@------ - T MM
O00E)------------—------ » T, [[[MMT
O)O0E)-------------- - - » T.[[.MMT
O)O0ONE)------------- - mm e » T[], MM
> &PU bime
* Concurrent GPU access with MPS (multi-process service)
000®--( |-~
000G~ 2| --- -~ exTvma
000~ = |-~ (Tl
DO0@E----|_J----- -~ (rTlnaws
>G?U time

« Disadvantages of using MIPS:

(i) Different MPI processes can not share GPU memory
=» \Vaste of GPU-memory (storing M-matrices takes 0.6 GB)

(i) CPU cores using GPU for matrix-multiplication are essentially idle
=» \Naste of computational resources

- Multiple MC-Simulations per MPI-Process (L.e. CPU core) ?



Single (MPI) process and GPU

* Synchronous (blocking) v.s. asynchronous (non-blocking) calls:

AQ); CPU
syncA(); core

B();

syncB(); GPU
C();: >

207 CPU

asyncA();
core A
B();

asyncB();

GPU
C();

| — — Ef.me

* Streams + Asynchronous calls:

CPU

207 core ‘A N A
asyncA<<<..,1>>>(); ' T
B()i v
asyncB<<<..,2>>>(); G stream 1

COi: p

asyncC<<<..,3>>>();

stream 2

U v

| c— — stream 3

time



Asynchronous CPU-GPU Algorithm

- _ "
0w [ e MM -
174l 2 ~ _BH + H o
S g o A -1 MM
154---4l---|l 3 e_ﬂH H , M(T)éE,
o e T [ .MM
Loop over Monte-Carlo Simulations
CPUcore1 @ B a8 .
\4 v v
srea 1 ((HENENTVEED GINNEERENEED &N
P Stream?2 | Mo, Mg, - Mg,
U

v v v
sreems (D GEEND G
I >

time




Results

node configuration

speed-up
(CPU+GPU over CPU)

2 NVidia K80
2 Intel Xeon Processor E5-2697 v4 (36 cores)

2 NVidia P100
2 Intel Xeon Processor E5-2697 v4 (36 cores)

1 NVidia K20
1 AMD Opteron (16 cores)

4 NVidia P100
2 IBM Power8 (20 cores)

@ Titan, Oak Ridge

@ SummitDev, Oak Ridge

3.5x

5x

5x

12.5x



4. LQSGW+DMFT code tutorial with NiO



Goal

1. DMFT self-consistent solution (starting from a prerun)

2. DOS and PDOS calculation

3. Spectral function calculation

In this tutorial, commands you should run are marked by red colors

E-E_(eV)




LQSGW+DMFT in COMSUITE

FlapwM BPT
Hopnk = Enx¥nk

Enka wnk(r)

ComWann U, (k) ComCoulomb
Wit =Wwl+ PEy

ComLowH

~ ~

g_l — G_l + iimp

loc



Directories

Located at /soft/public_soft/gw_dmft

bin . where we have all the excutibles

ComCoulomb . program to calculate bosonic Weiss field

ComDC . program for double counting self-energy

ComLowH . program to calculate fermionic Weiss field, DOS, spectral functions
ComWann . program to construct Wannier functions

CTQMC . CTQMC impurity solver

example . examples

gw : FlapwMBPT code by Andrey Kutepov

wannier90 2.1 : Wannier90 package



Let’s load the gw_dmft module

e Make sure that you logged in to the cluster with “ssh -X” (for the
visualization)
¢ load gw_dmft modules

$ module load gw_dmft/2018

¢ All loaded modules
$ module list

Currently Loaded Modules:
1) gw_dmft/2018

2) slurm/17.11

3) intel/18.2

4) conda/2

e If there is any other modules are loaded, please unload them to avoid
conflicts.

$ module unload ?77? (if necessary)



Let’s resume our calculations from almost converged results

FlapwM BPT
Hopnk = Enx¥nk

Enka wnk(r)

ComWann U, (k) ComCoulomb
Wit =Wwl+ PEy

ComLowH

~ ~

g_l — G_l + iimp

loc

) .




NiO LQSGW prerun

e copy examples/NiO to the location you would like to run
$ cp -r SCOMSUITE_BIN/../example/NiO .

e move to the Igsgw directory
$ cd NiO/
$ cd lgsgw

e you can see the job script (please don’t run this example but use the prerun
outputs)




NiO LQSGW+DMFT run

e move to the Igsgw+dmft directory
$ cd ../lgsgw_dmft

e see the job submission script (llscript) and run the calculation
$ sbatch liscript




comdmft.ini

e | QSGW+DMFT input file in python dirctionary format
e all dictionary keys in small letters

e composed of three python dictionaries of “control”, “wan_hmat” and “imp”




¢ 'methods': 'lqgsgw+dmft’ In control

e 'initial_lattice_dir': ‘../lgsgw”

- the path to LQSGW output directory
¢ 'impurity_problem': [[2,’d’]]

- a python list to specify correlated orbitals. The first and second indices are
for the atom index and shell type.

- atom index: in the order listed in the “../Igsgw/coord.xsf”

PRIMCOORD
O 2 1
. 8 0.000000 0.000000 0.000000
Ni 28 2.097129 2.097129 2.097129

- shell index: either “d” or “f”
e 'impurity_problem_equivalence': [1]

- equivalence of each impurity problem.

- identified by an integer starting from 1. If this value is the same, they are
equivalent.

- If this value is negative, it is the time-reversal symmetry pair to the one with
the same absolute value.
¢ 'spin_orbit': True or False

- if False, correlated orbitals correspond to cubic spherical harmonics

(\/L§le_|m| . (—1)m1/2|m|, m < 0
lem = < leo, m =0

Y |m|_|_( 1)m}/l|m|7 m>0

where Y;"" is a spherical harmonics.



In control

- if True, correlated orbitals chosen at each correlated atom correspond spin-angular
functions |l,i,m>

_ E Lym~y,m—s (4
Ql,z’z:l:%,m — Cz',s }/l (T)US
s+1/2

: : l, .
where ug is a spinor, and C.’[" = (I,m — s, %, s|l +i,m).

e 'mpi_prefix':: ‘srun-n 1’
- MPI prefix commonly used for ComCoulomb, ComDC, ComLowH, ComWann,
and CTQMC.
- If a different MPI prefixs from this prefix is necessary for a program,
use 'mpi_prefix_coulomb', ‘'mpi_prefix_lowh', 'mpi_prefix_dc', 'mpi_prefix_wannier’,
and 'mpi_prefix_impurity’,
e 'restart':: True
- True or False. If True, It will resume the calculation from the prerun.
- default value: False
e 'mpi_prefix_lowh':
- MPI prefix for ComLowH
- default value: control[' mpi_prefix']
e 'mpi_prefix_impurity':
- MPI prefix for the impurity solver
- default value: control['mpi_prefix']
¢ 'mpi_prefix_wannier'
- MPI prefix for ComWann
- default value: control['mpi_prefix']



In control

'mpi_prefix_coulomb':

- MPI prefix for ComCoulomb

- default value: control['mpi_prefix']
'mpi_prefix_dc':

- MPI prefix for ComDC

- default value: control[' mpi_prefix']
'sigma_mix_ratio'

- Self-energy linear mixing ratio.

- default value: 0.1

'max_iter_num_impurity':

- maximum iteration for the DMFT self-consistent loop.
- default value: 50

'proj_win_min':

- low-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_min’]
'proj_win_max"':

- high-energy cutoff to renormalize the projectors
- default value: wan_hmat[‘dis_win_max’]



Important concepts for wan_hmat

e For Wannier function construction
- Choice of the inner (frozen) energy window: large energy window in the E_+10eV
- Choice of the outer (disentanglement) energy window: from E_-10eV to E_+50eV

~
> valence

§ +unoccupied states
\B

I,
&2

| /
= -20 —/— — » Semicore states
-40

G X WK G L UW L K



Important concept for wan_hmat

e The choice of initial trial orbitals |TR = 0);
- MT orbitals with desired angular momentum character
- Radial function of |[TR = 0); is chosen in such a way which maximize

Einner<Enk<Einner

1 min min

N > [(nk| k)|

nk
1 ik-R
where|Tk); = N ER TR )€

- Among MT orbitals we choose ones

Einner<Enk<Einner

1 min min

S k|Tk),|? 2
N Z [(nk| k) [* > 0

- For correlated orbitals, final wannier function|TR = 0) s usually
(TR =0|TR =0); > 0.95

which means |TR = 0) ¢ is strongly localized and a atom-like wavefunction



Wannier functions and interpolated bandstructure of NiO

e The number of bands in the inner window: 10
e The number of bands in the outer window: 25
e The number of trial orbitals: 12 orbitals (Ni-s, Ni-p, Ni-d, O-p)

NiO within LDA

—




In wan_hmat

e 'kgrid': [15,15,15],

- crystal momentum grid for the wannier interpolation of LQSGW bandstructure
¢ 'froz_win_min': -10 eV,

- lower boundary of the inner (frozen) window in eV
¢ 'froz_win_max': 10 eV,

- upper boundary of the inner (frozen) window in eV
¢ 'dis_win_min':

- lower boundary of the outer (disentanglement) window in eV.

- defaule value: froz_win_min
¢ 'dis_win_max':

- upper boundary of the outer (disentanglement) window in eV.

- defaule value: froz_win_max +40.0
e 'num_iter':

- the number of minization step for the wannierization process. (gauge
dependent part of total spreading)

- default value: O
¢ 'dis_num_iter":

- the number of minization step for the disentanglement process. (gauge
independent part of total spreading)

- defaule value: 100



In Imp

¢ 'temperature': 300
- simulation temperature in K
¢ for each distinct impurity problem indexed by the value in
control[“impurity_problem_equivalence”]
- 'impurity_matrix': [
[1 ,0!0!0!0]!
[0’1,0!0!0]! 1: t29
[0,0!2!0!0]! 2:eg
[0!0!0!1 !O]!
[0,0,0,0,2]
1
--equivalence of the matrix element of the fermionic Weiss field and impurity self-energy.
Starting from “1”
--if these values are the same, the values of the elements will be assumed to be identical.
--if the element in the matrix is zero, then it will not be sampled by the impurity solver.
--each column and row corresponds to the Wannier orbitals in the following order.
--If control[‘spin_orbit’]==False, “m” is sorted in ascending order.
To illustrate for “d” orbitals, in this order: |xy>,|yz>,|z%>,|xz>, [x*-y*>
--if control[‘spin_orbit']==True, the most rapidly changing index is “m” and the next one is
“I”. They are sorted in ascending order,
To illustrate for “f” orbitals, in this order: |3,-0.5, -2.5>,|3,-0.5, -1.5>|3,-0.5, -0.5>,
13,-0.5, 0.5>,|3,-0.5, 1.5>,|3,-0.5, 2.5>, |3,0.5, -3.5>,|3,0.5, -2.5>,|3,0.5, -1.5>,
13,0.5, -0.5>,|3,0.5, 0.5>,|3,0.5, 1.5>,/3,0.5, 2.5>, |3,0.5, 3.5>,



In Imp

- 'Coulomb': “full’,
--'full’ or 'ising" are available. We construct Coulomb matrix in the following way.

2l,even k

’ 47T m m m m
Unimamsms = ) g B0 D (W VY (Y=Y [Y)™)

k=0 q=—k

--If 'full’, no additional approximation is considered.
--It lising’, only U____or U___ are non-zero.
- 'thermalization_time': 1,
» wall time for the thermalization in minutes
- 'measurement_time': 5,
» wall time for the measurement in minutes
- 'green_cutoff': 70,
» cutoff-energy in eV to sample green’s function and self-energy.
» values beyond this energy will be provided by analytical equations.
- 'susceptibility_cutoff':
» cutoff-energy to sample susceptibility.
» Default value: 300 eV



Output directory

* in Igsgw_dmft directory

cmd. log
comdmft.ini
convergence. Log — convergence log file

coulomb — QOutput of ComCoulomb

dc — Output of ComDC
delta.dat - hybridization function
impurity — Qutput of CTQMC solver
llscript

lowh — Qutput of ComLowH
sig.dat - impurity self-energy
sig_dc.dat — double-counting self-energy
sig _dc_hf.dat — the high-frequency limit of double-counting self-energy
temp.err

temp.out

u slater.dat — bosonic Weiss-field
v_slater.dat -V .

wannier — Output of ComWann

w_slater.dat -W,_



convergence.log

wannier
coulomb_1
delta
impurity_1
delta
impurity_1
delta
impurity_1
delta
impurity_1
delta

PLWWNNRRLROO

causality

good
good
good
good
good
good
good
good
good

static_fo

w_sp_min W_Sp_max

0.29931962 1.69293343
6.54262544803

0.029191338307

0.164895902779

0.267689886163

0.34353949486

0.388125192763

3.33784542527

1.70132143417

0.886010804306

0.479993764726

8.19467

8.17458

8.1662

8.16272

107.860951974

98.2045831536

95.0848573468

94,1990718702

119.601660157

97.6973570752

90.6707568246

89.0756294454

e keeping track of convergence of some quantities at each iteration
e causality: causality of hybridization function / self-energy
e \W_sp_min: mininum spreading of the Wannier functions

® W_sSp_max: maximum spreading of the Wannier functions
e mu:. LQSGW+DMFT chemical potential w.r.t. LQSGW chemical potential

e std_siQ:

S (2 (iwy,)

— Zg_l(iwn))Q

NwuNord

® N_imp: occputation in the impurity orbitals
¢ histo_1: the first moment of the perturbation order histrogram

¢ histo_2: the second moment of the perturbation order histrogram

e ctgmc_sign: CTQMC sign




In “lgsgw_

dmft”

Dynamical U

e Bosonic Weiss field in u_slater.dat and W_loc in w_slater.dat

# nu(eV) 1:fo(eV) 1:f2(eV) 1:f4(eV)
0.000000000000 6.542625448029 9.782007531695 7.349584084243
0.162432849384 6.555461634129 9.783710903959 7.350340828558
0.324865698768 6.559451578532 9.784221895288 7.350574481502
0.487298548153 6.560301567520 9.784309653440 7.350622464232
0.649731397537 6.568173653669 9.785319774582 7.351044855529
0.812164246921 6.582296296647 9.787173552298 7.351838790507
0.974597096305 6.599477786405 9.789473579528 7.352870998503
1.1370299456950 6.615214090634 9.792160035876 7.354123553199
1.299462795074 6.641396967279 9.795201128364 7.355555800217
1.461895644458 6.665533537896 9.798509314544 7.,357097947324

e Bare Coulomb interaction in v_slater.dat
# 1:f0(eV) 1:f2(eV) 1:f4(eV)

23.277958614497 12.294135887544 8.129215063726




Dynamical U

30 . : . . 30
20+

b o o e e e e e e e e e o e R o e e e o

5( '

0 20 40 60 80 100

vn(eV)

f2(eV)

* At high frequency, U and W__convergeto V__

_Wloc e In comparison to F°, F2 and F* shows

0 20 40 60 80 100

vn(eV)



In “lgsgw_dmft”
e “sig_dc.dat”
» Real and imaginery part of impurity self-energy within local GW approximation are listed

Local-GW impurity self-energy

P PP OOCOCOOO

# omega(eV)

.081216424692
.243649274076
.406082123461
.568514972845
. 730947822229
.893380671613
.055813520997
.218246370382
.380679219766

Re Sig {1,1}(eV)

37.
37.
37.
36.
36.
36.
36.
36.
36.

025924683229
019196471353
006023401056
986872376987
962320661697
933004427524
899574763907
862666571515
822878695458

Im Sig {1,1}(eV)

.065705926967
.195617699405
.322618942256
.445523411213
.563440899747
.675791750970
. 782271035711
.882792506656
.977432822207

Re Sig _{1,2}(eV)

37.
37.
37.
37.
37.
37.
37.
37.
37.

979454934019
973962536612
964307716952
951693682326
936870865340
920387929100
902688726511
884146112698
865074746593

Im Sig {1,2}(eV)

.136292666459
.386517235766
.613800680933
.819073715258
.003738945640
.169379323169
.317674732094
.450325215806
.568988797605

e “sig_hf_dc.dat”
» Real and imaginery part of the Hartree-Fock contribution to the impurity self-energy

within local GW approximation are listed

g # Re Sig_{1,1}(eV)
27.069800000000

Im Sig_{1,1}(eV)
0.000000000000

Re Sig {1,2}(eV)
36.110988000000

Im Sig_{1,2}(eV)
0.000000000000




Local-GW impurity self-energy

ReX(eV)

20

0 20 20 60 80 100 -5

0 20 40 60 80 100

wn(eV) wn (V)

e At high frequency, self-energy converges to Hartree-fock limit
e No divergent self-energy near Fermi-level.



Impurity self-energy

>0 ! ! f ! °

ReX(eV)

209 20 40 60 80 100 -5

0 20 40 60 80 100

wn(eV) wn (V)

e “l|gsgw_dmft/sig.dat”: in the same format as “sig_dc.out”



Impurity self-energy on real frequency axis

-10 -5 0 5 10

ReX(eV)
/

w(eV)

—100

w(eV)

e analytical continuation by maximum entropy method

(using Kristjan’s code, at lgsgw_dmft/maxent)

e Divergent self-energy near Fermi level for e, orbitals
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Hybridization function

1.2
— 2

N ~

V L
N—"
q <]

Q s
S <

=02 5 70 60 80 100 —0.8; 20 20 60 80 100
wn(eV) wn(€V)

e “|gsgw_dmft/delta.dat”
e in the same format as sig.dat



LQSGW+DMFT DOS

1. move to a directory for the DOS calculation
$ mkdir realgrid
$ cd realgrid

2. copy files necessary to calculate DOS and partial DOS by using prepare_realaxis.py
$ SCOMSUITE_BIN/prepare_realaxis.py 0.1 ../lowh/ ../wannier/ ../maxent/sig.dat -m 2

[lect18@inter ~]$ /soft/public_soft/gw _dmft/bin/prepare realaxis.py -h
usage: prepare_realaxis.py [-h] [-m MODE]

broadening lowh_directory wan_directory self _energy
prepare inputs of comlowh calculation on real axis

positional arguments:

broadening broadening
lowh_directory Llowh directory
wan_directory wannier directory
self _energy real-axis self-energy

optional arguments:
-h, --help show this help message and exit
-m MODE, --mode MODE 1If 3, code calculates spectral function along the high
symmetry line defined in 'kpath.dat'. If it is 2, it
calculates projected density of states. Default: 3




LQSGW+DMFT DOS

3. prepare job submission script
(you can copy it from “../realgrid_for_comparison/liscript)

4. submit the script
$ sbatch llscript



LQSGW+DMFT DOS

¢ realaxis/tdos.dat

e realaxis/pdos.dat
- (atom index, |, m) if spin_orbit==False and (atom index, |, i,m) if spin_orbit==True




LQSGW+DMFT DOS

4.0

— LQSGW + DMFT 1.4 1
— LQSGW 1.2 -

3.5 A

3.0

1.0 1

2.5 7

0.8 1

2.0 A

0.6 1

1.5 1

DOS(1/eV)
PDOS(1/eV)

0.4 -

1.0 ~

0.5 - 0.2

0.0 ; . . 0.0

—4 -2 0 2 4 —4

realgrid

$ cp ..[emmtaxrs for_comparison/pdos_plot.py
$ python ./pdos_plot.py

® cnergy gap opens due to local strong correlation
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LQSGW+DMFT spectral function

1. move to a directory for the spectral function calculation
$ mkdir ../realaxis
$ cd ../realaxis

2. copy files necessary to calculate spectral functions by using prepare_realaxis.py
$ SCOMSUITE_BIN/prepare_realaxis.py 0.1 ../lowh/ ../wannier/ ../maxent/sig.dat -m 3

[lect18@inter ~]$ /soft/public_soft/gw _dmft/bin/prepare realaxis.py -h
usage: prepare_realaxis.py [-h] [-m MODE]

broadening lowh_directory wan_directory self _energy
prepare inputs of comlowh calculation on real axis

positional arguments:

broadening broadening
lowh_directory Llowh directory
wan_directory wannier directory
self _energy real-axis self-energy

optional arguments:
-h, --help show this help message and exit
-m MODE, --mode MODE 1If 3, code calculates spectral function along the high
symmetry line defined in 'kpath.dat'. If it is 2, it
calculates projected density of states. Default: 3




LQSGW+DMFT spectral function

3. create k-path file (kpath.dat)
$ cp ../realaxis_for_comparison/kpath.dat .
- k points w.r.t. reciprocal lattice vector

=]
oo
o

oooNoooooBoNoNoNoNoNORBONONOCRONO NG

The number of k points

.00000000
.01666667
.03333333
.05000000
.06666667
.08333333
.10000000
.11666667
.13333333
.15000000
.16666667
.18333333
. 20000000
.21666667
.23333333
.25000000
. 26666667
.28333333
.30000000
.31666667

oo oNooooNoNoBoNoNoNoNoNO RO NONO NGO

.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000000

ooNoNoNoBoNooBoNoNooNoBoBoNoNolNoNolNol

.00000000
.01666667
.03333333
.05000000
.06666667
.08333333
.10000000
.11666667
.13333333
.15000000
.16666667
.18333333
. 20000000
.21666667
.23333333
.25000000
. 26666667
.28333333
.30000000
.31666667




LQSGW+DMFT spectral function

3. prepare job submission script
(you can copy it from “../realaxis_for_comparison/liscript)

4. submit the script
$ sbatch llscript



LQSGW+DMFT spectral function

¢ realaxis/spectral.dat




LQSGW+DMFT spectral function
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$ cp ../realaxis_for_comparison/spectral.py .
$ python ./spectral.py

e Charge transfer gap opening
¢ white line: Igsgw bandstructure



LQSGW+DMFT

e Official version of the code will be released under GPL3.0 in August 2018.
e |[f you have any gquestion, please contact sangkookchoi@gmail.com



