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HANDS-ON SESSION
(assistant: Tsung-Han Lee)

Using RISB Code Developed with
Yongxin Yao (lowa) and Gabriel Kotliar (Rutgers)

Implementation of LAPW interface with the DFT
WIEN2K code adapted from DFT+DMFT code of:
K. Haule et al., see Phys. Rev. B 81, 195107 (2010).




L ECTURE OUTLINES

(Intr-oduction (what is DFT+RISB useful for?)
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Operatorial Formulation Rotationally Invariant Slave Boson (RISB)

® The Single-Band Hubbard Model
® Slave Boson representations Hubbard Hamiltonian
® Slave Boson Mean Field Approximation

Algorithms and Implementation RISB mean field theory
® Functional Formulation
@® Stationarity Equations and Numerical Implementation

6FT + Slave Boson Approximation (DFT+RISB)

® The correlated orbitals

® DFT+RISB: Solving iteratively Kohn-Sham-Hubbard model
Q Examples: low-symmetry systems (UO,), polymorphism
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Introduction  ,hn_sham-Hubbard “Reference System”

Reference system to describe strongly-correlated materials (determined from K.S.)

Generic multi-band Hubbard Hamitormer
H TTY ki] Ck.'ack;’}’—l_ ZHIOC {CRIQ} {CRIQH

af3 Riecorr
1=0 X 8 = label unit cell
| k = Fourier-conjugate of R
€k = . a, B=orbitalsinR, i
K 1=1 *
i k X 1=2 B

(Example: i = 0: uncorrelated orbitals; | = 1: d orbitals atom 1
| = 2: f orbitals atom 2 ...)



Introduction

Role RISB mean field theory in context of ab-initio calculations

What is RISB/GA good for?
RISB (mean field) TheorV/AGEA

e Non-perturbative many-body technique which can
be viewed as a (““‘good”) approximation to DMFT.

e | argely complementary to DMFT because it Is
much less computationally demanding.

The general RISB theory (before mean-field
approximation) Is an exact reformulation of the
many-body problem.



Introduction
Role RISB mean field theory in context of ab-initio calculations

What is RISB/GA good for?

RISB (mean field) Theor//AGA
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About | Goals | Examples = News& Announcements | Federal Programs | External Stakeholder Activities | Contact Us
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To help businesses discover, develop, and gy - L !
deploy new materials twice as fast, we're : Bl - ' ’\ . 1 { ol
launching what we call the Materials . - , 5 e
Genome Initiative. The invention of g % ( =
silicon circuits and lithium-ion batteries LT
made computers and iPods and iPads | _
possible — but it took years to get those 3
technologies from the drawing board to the -
marketplace. We can do it faster.

President Obama, June 2011 at Carnegie Mellon University




Operatorial Formulation Slave Bosons (RISB) The Single-Band Hubbard Model

Quadratic part correlated local orbitals included in H!°¢

The Hubbard Hamilto

H YY ERR/ CRUCR’ —’—Z UCRTCR¢CL¢CR¢

RR’ o

3 ‘- 4

| | ] R = label site

oc=spin="T:{

1 R U = Hubbard strength
R : -

- S €RR’= hopping coefficients

-+ —1

Hr=@rMr; Hr = ({|0,R),[1,R),|],R),| 1,R), })
<{’O> CRT’O> CR¢’O> CRTCRJ,’())})

~




Focus on the local space at given R

Operatorial Formulation Slave Bosons (RISB)

Slave Boson representations Hubbard Hamiltonian

L_ocal Hilbert Space

N

(IR

W

S
S

0,R),| T.R). [ l.R),| 1|,R), })
0). CI{HO% C};ﬂo% C£¢C£¢|O>}>

Define unitary map from Fermionic many-body local Fock
space H} into bigger Hilbert space H; (generated by
‘“artificial” Bosonic and Fermionic degrees of freedom)

(Scope: derive equivalent reformulation of the Hubbard
model more suitable to define a mean-field

appr

oximation)



Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

Defining mapping onto subspace of infinite-dimensional Hilbert space

Slave-Boson Local HilbertiSp:

q
(®
(L

’H?B generated by ‘‘artificial” Bosonic and Fermionic degrees of freedom
(dimension %?B = Q)

R
Hsp

({10)./R+10). /R, 10). Sra/R, [0)}) = {In. R)}

{flia 7fRO'; (I)I{An’ (I)RAn}
(g, @01 f1.s710))

( Pra, only for Ny = N,,)



Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

Quadratic part correlated local orbitals included in H!°¢

Slave-Boson Local HilbertSpz

H generated by “artificial”’ Bosonic and Fermionic degrees of freedom
(dimension %SB = 00)

—

Dhgl0)
(ke 1Sy 00+ By 14, 10)) V2
(ke 0) + B 1/ 10)) V2
Dbery 1o iy 10)

(<5
(®
GL
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Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

Gutzwiller constraints (introducing definition F, matrices)

Operatorial Gutzwiller Constr2aufits

Physical subspace /1%, of HY, identified by operatorial identities

Z (I)L'—\H(I)R—\H =

An
(I)L;(),()’O)

' + FJ[F mn (I)T ) = !
((I){l;"‘,TfliTm}+(I)Il:1',¢fllu|0>) V2 \ | Z[ aFo] Rin PRam = TRa/Ro

Anm

((I);rz;___,lflii 0) + (I)Il;_],,ff]i’r |0>) /V2 '
(I)L;"x.,,NflinliJ, ‘0> h.I;B’ _ ‘ ( [F”]mn = <n‘- R’fRu ‘177., R> )

I
AR) = |AR) = — > of,InR)

1
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Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

Slave Bosons = “Local Modes” (interaction becomes quadratic)

The Hubbard Hamiltoman
H = ZZ ERR’ cRacR, +Z U CmcR?CmCR L

RR' o

SB representation local interaction

H = Z UchsCraChicry = Y > [H*]1s|A.R)(B.R
R AB
EIOC = Z Z u (I)R Tln R Tln Z Z HIOL AB z (I)RAH'(I)RBH
R =n R AB

~_loc

H s a faithful representation of H"¢, i

~ loc ~ .
(A,R|H " [B,R) = (A.R|H |B,R) = [H*] 5 =

cocooccocl.:
S

cocoocol

oo oo
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Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

The Hubbard Hamiltorman
H=7) ) e CroCr +Z U chiCriCRiCR,

R’cr \

SB representation hopping (non-local) term
We look for SB representation Ladder operators

We will construct Bosonic 7?,Ra(_1. such that:

_Ra Z RRGG RAn> (DLAIJfRa :

<A? R’ QRQ- ’E R> — <A? R’ CRa- ’B? R> VA? b

S
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Operatorial Formulation Slave Bosons (RISB)

Slave Boson representations Hubbard Hamiltonian

Choice of 7A2R(,(, affects mean-field approximation

Construction of 7A3Rm. such that
(A.R|ck, |B.R) = (A.R|ch, [B.R) VA.B

With no loss of generality,
we can search for solution represented as:

7§/Ra(jv — . [r 1(1063(_1- T [’/‘363(_1}14”;8”?- (DLAH (DRBm—l_

_|_ [ (4)

One of the possible solutions is ( PRB 76, 155102 (2007) ) :

| Riao = ZZ \/FB Fl s Fllun ®as P

\ nm
1

- |
FRGCJA”?B”I?C[?DF (DRA?’E(DRBHI(DRCf(DRDr —|_ ce .
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SUlaletena s Sel e B leng e ek fglal Sl Slave Boson representations Hubbard Hamiltonian

DFT + Slave Boson Approximation (DFT+RISB)

Alternative ﬁRaa suitable for MF approximation
arXiv:1606.09614 (2016)

A 1 /Dp
R ac = 5 \/ T~ FT FTnm
' Rr > N\ D, Folasl)]

ABnmb

. /D4
’ (I);rmn 1+ (NA D—B . 1) Z (DIIC/(I)RCI]
Cl

-[i 5] efi-a) [‘%}] Dy

Rbau

where:

FJFbmn (I)IlAn(I)RAm

[ T T
-FbFﬂ.m” (I)RAn(I)RAm




Operatorial Formulation Slave Bosons (RISB)
Slave Boson representations Hubbard Hamiltonian

Summary SB reformulation: quadratic interaction, “renormalized” hopping

The Hubbard Hamiltoman
H= ZZ €RR’ cRgcR, +Z U CRTCRTCR ICRy

RR’ o

H=) ) arwCrolps + Z Z U @ity n Pty

RR' o

/ (DTR;O,0|O)

’ ( (q);r‘""’Tf‘iT 0) + P fiy |0)) V2
\ (‘I’L;..,MIQ 0) +®F | /a1 |0)) V2
(I)IT‘:‘-.-,TJ,f IITf li¢ 10)

\/_ 16



Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Mean Field theory as a variational approximation

The Slave Boson Hubbard Hamltorer
ZZ ERR/ CRUCR‘r +ZZU(I)RTJ,H R:Tl.n

RR' o
E :(I)RAH Ran — 1

f An
Pri0/0) T 1_ T
((I)L;A’TfliT 0+ B, T"‘Lflh |0>) V2 2 : [FU Fb ] mn (I)RAH(I)RAm — fRabe
(‘I)Iz;._,,ﬁ]h 10) + (DI%:-l-,TfliT |0)) /N2 Anm

i it
(I)R;*-.-,TifRTfR¢ |0> ]7!;;;

—Ra Z RR“Q RAR>» (I)IIAH]fRu ‘

Assuming following variational ansatz:

‘\PSB> _ ‘\Ij0> R |¢>? ((I)RAn |¢> = Qan ‘¢>) I -




Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

We need to calculate average: 1) interaction, 2) constraints, 3) hopping

The Slave Boson Hubbard Hamltorer
ZZ ERR/ CRUCR‘r +ZZU(I)RTJ,H R:Tl.n

RR' o

\IJSB| Z(I)RAH RAn i |\IJSB> =0

(I’L;f),()’o) An

((D;r{?‘q’TflJ{T 0+ (I)I“ mflh |0>) V2 \IJSB | Z ’”” (I)I-I-QAH(I)RA;N fRube | \IJSB> 0

(q);;;..,,iflh 0) + (I)I%:.l.,Tf]iT |0>) /\/5 Anm

(’Ro: Z RR”Q RAR>? (I)I-I-IAH]fRu ‘

Assuming following variational ansatz:

4 [Wsg) = |Vy) ® |¢), Constrained Minimization I
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Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Expectation value Local Interaction (¢¢' local reduced density matrix)

The Slave Boson Hubbard Hamiltormer
ZZ CRR/ CRUCR‘r +ZZU(DRTJ,H R; 1) .n

RR' o

Assuming following variational ansatz:
Wsp) = [Wo) @ |0)

|_ocal interaction:

(9| Z Z UPhk)  Prsy, |0) = Trlpo" H

loc
HAB —

o o O

oSO O O
oS O O O

0
0
0
U

| - Las |

= s S S LR
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Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Expectation value Gutzwiller Constraints

The Slave Boson Hubbard Hamiltormer
ZZ CRR/ CRUCR‘r +ZZU®RT¢H R; 1) .n

RR' o

Assuming following variational ansatz:

Wsp) = |Vo) @ |¢)
Gutzwiller constraints:

qJSB| Z(I)RAH RAn i |\IJSB> — Tf[ngQb] —1=0

An

<\IJSB| Z[FIF{)]”?” (I)lgAn(I)RAm _fR-I-(Lbe |\IJSB> — Tf[nggb Fjl—Fb] o <\Ijo|fRTube |\IJO> —

Anm

mEmrE
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Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Expectation value Renormalization Operators

The Slave Boson Hubbard Hamiltormer
H = ZZ €ERR/ QIQUQR»'U T Z Z u (DI{;T¢,11(DR;T¢,:1

RR' o R

Assuming following variational ansatz:

Wse) = |Vo) @ |9)

Renormalization factors:

<Cb| Q11_1@ |Cb> — Z<Cb| ﬁRf“ﬂf [(I)RA;'.H (I)IEAI'I] |C-b>fRu = Z R“Oé [C-bAr.'? C-bln]fliu

o

T AT
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Functional Formulation and Implementation
BISAE 5 Sl Slelnl Aelordopdpnsinen (mis e f 2l iSi2 - Slave Boson Mean Field Approximation

Alternative 7A2Raa suitable for MF approximation

/DB
7QfRaa = Z NA ]AB FT]nm

ABnmb

XA i+ NM/——I Z@RC, -

e
[1—Ap} 2.[1—Ah} 2] Prp
RbH

where:

FiF,

F,F



Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Mean Field renormalization factors

1

R = (0| RRuo |0 ZTr OTFT ¢ — AN

where: [A)] = Tr[oTo FIF,]

Consequently, In summary:

(Usg| > ) err: ChoCrry [Vsp) = 2 (Wol > ) err fiofrro W)

RR’ o RR’ o

\IISB‘ Z U (I)R Tn R .n ‘qISB> — TI‘[(D@T HIOC}
Rn

(Usp| D Pia,Pray — 1| Wsp) = Tr[o'd] — 1 =0

An

<LI}SB| Z[FIF{)]”W (I)IEAH(I)RA!H _fRT(;be |\I}SB> — TI'[CbTQb FIFE)] o <\Ijo|fRTube |\IJ0> —

Anm

otttk it




Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Observation: number of independent SB amplitudes (ignoring symmetry)

Number of independent complex parameters ¢ is
22 x 22

(as dimension “1mpurity model” whose bath has
same dimension of the “impurity” H¥)

24



Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Quadratic part correlated local orbitals included in H!°¢

Generic Hubbard Hamiltormear
3 r 7l
H TTT Eﬁﬂzj Ckzackﬂ—'_ ZHI'OC HCI(I’Q:}?{CRIO:H
Jj af

Riecorr
1=0 * * R = label unit cell
k = Fourier-conjugate of R
€k =
* i=1 * Z ekii = 0 Vi correlated
* * i=2 «. 3 = orbitals in R. i

( Example: i = 0: uncorrelated orbitals; i = 1: d orbitals atom 1

i = 2: f orbitals atom 2 ... ) 55



Operatorial Formulation Slave Bosons (RISB)

Slave Boson Mean Field Approximation

Constrained minimization problem, 2Mi x 2Miindependent SB amplitudes

The variational energy

]:] — Z Z ;3 Clﬁicrckjf‘i T Z IOLHCRM,} {6‘Ria-H

k «ap
5[\110, {(‘), = — Z Z {R €k, URT] <\I’0ﬁi’afi<jb ‘\D0>
kr; ab )
+ Z Tr {(b, o H}OC}
[Ecorr
where

. ZTI ol FLL o, Fy| 1800 — Al

to be minimized satisfying the Gutzwiller contraints:

Tr[(ﬂ(b.} = (W[ W) = 1

| Tr [(bj- (-‘Di FIJF{bi| - <1Il(]‘flifafth ‘qj(ﬁ = AP‘; 26



. : . Functional Formulation
Functional Formulation and Implementation

Step 1: promoting A, R to independent variables using Lagrange multipliers

Functional formulation

L[ E; ¢, E: R, RN\ D. DT A A =

| .
ﬁ(‘Pongp[R,’RT; A [Wo) + E(1— (W) +

ZTr|:(,5 ®TH]0L+Z( ”a ‘TFT ®; Fm—f—HC)—f—Z .:b @ Q) F“{Fm:| +

acx ab

ZE ( Tr[q) P; })
- Z [Z ( Hab [X. f“”) pilay + Z ( ac o [Dpi(1 — Ar)f)]c‘zlcw + C-C-)]

ab cacy

where

qu R RT Z Z [R €k, UR;I-] f,{mj,{}h + Z ub fRn.jRJb

k,j ab Ri,ab

O

Now quadratic functional of © (linear in ¢ and o')!
(== = 0 same complexity of ground-state eigenvalue problem ...)

27



. : . Functional Formulation
Functional Formulation and Implementation

Step 2: Eliminating (formally) |¥¢) and E

Functional formulation'SE

Ll wo.Ef¢.E5 R.RY N DDA A)] =

| .
F(‘I’(}IHEP[R,RT;AH\I’O) + E(1—{(Wo| o)) |+

Z Tr

+

.fb

b 6 H+D> (1D 6] FLL & Fiy+He ) +30 [N  FLF,

acy ab

S5 (-mfte)
_ Z {Z ( i+ [\ Ub) pil .y + Z ([D]m o AL — Ap,-)}{.%a + c.c.)]

ab cac

S A 77

where

-

/s ﬁgp[R RTJ A] = Z Z {R: Ek:-‘.'fR,;I-] ff(rcjk;b + Z r..rh mefR.fb

k,ij ab Ri,ab

28




. : . Functional Formulation
Functional Formulation and Implementation

Step 2: Eliminating (formally) |¥¢) and E

Functional formulation'SE

L[¢p,E; R,RT X\ D, DT, 2 A, =

ZTr [qb oI HX+> ( D), ol Fl ¢, F, +Hc)+z ] #i, LFH}} +

ace ab

LI
- Z [Z ( il T [N] m) [Apil gy + Z ([D]m Ril .., [Api(1 — A{)f)}('%cy + c.c.)]

ab cdcx

R L

where




. : . Functional Formulation
Functional Formulation and Implementation

Step 3: Re-interpretation ¢ using Schmidt decomposition

Functional formulation'SBS

I wa_I_ +
e
iw— Re R — A

ZTI [O O Hlm—f—Z( ua -' w« Q) Fm—f—HC)—FZ ,;, q O FI!F.'!;] +

acy ab

sz’R,R*A’DD'AA Trlo
-

U =]

STIEE)

1
o Z [Z ( Hab [)\ {.rb) f’ ab + Z ( ace {a [A}’f(l - A;n")]c;a + C-C-)]

ab cace

= Zei?N”(N"—') (bi] 4, |A, Q) Upnln, i)

Ay =[] Tl ™ o i ) = [T 73] 10

Impwity \§_ _#» Bath

30



. : . Functional Formulation
Functional Formulation and Implementation

Step 3: Re-interpretation ¢ using Schmidt decomposition

n
l'\)

Functional formulation's

1 |
clo B RRT A D.DT A A = ZTrlog<, )g’wﬁ +

S [(@il H™ (D, DI AL 0) + B (1 — (@i] @) ]

i

1
_ Z [Z ( ”h [)\c Uh) ,m " + Z ( ua [AP!(I pf)hgﬂ} + C.C.)] I

ab caoy

where

i — e e ey — ———

Hloc[{cta} {CsaH
+ Z ([Df}aa afofia + HC) + Z [)\ﬂabfsbftz

acoy ab

X
@
=}
o

k>

3
—l-

>

I

31




Aol el falt el ETe) ot Sl el Stationarity Equations and Numerical Implementation

Stationarity equations: A, R, A;; (@ | &E; D, A

SB stationarity equations

(R, ) — ZH;;‘(R@(’RH,\) | = A0, (1)

ba

z|-

% Z M ReRTf(RaRI+N) T | =37 D[4, (1 - Al @

C

|
N L
|: dp [Apr (1 Apr)](b [Dr’]ba [Ri]ca + C.C.| + [[ =+ [ ] is =0 (3)
chox
eme D!T,)\]“’ \ —E ‘|) \ 4)
[II(I)} o = ((I)f| chxfm Z [A’p (1 -'P “" [R ](O: =0 (5)
[‘FE(H)}(”) = (érlf;fjrj; |(I) > [Ap*]ub (6)

where

! Apf — Z !,JJI 5 3 Z J,S h.fs ; )\ — Z{n hna Rr —

32



The correlated orbitals

DFT + Slave Boson Approximation (DFT+RISB)

“Adding interaction” to KS (only for selected correlated orbitals)

=(r, o) Z Z Ein(B)Xor (0) o 4+ Zo(r,0) = ZEP,-(r, o) + =Zo(r, o)

o! ki,mEP [

A = Z /dréT(r, c)AZ(r,0) = ZA}OC + Abep

where

i = 3 [arshin Az, eo): A =AY

Ahop Ahop Ahop
A=
; Ahop A}ozcl Ahop
g ! Ahop Ahop A].():c2 |

-

K. Haule et al., Phys. Rev. B 81, 195107 (2010) 33



LDA+RISB: Solving iteratively Kohn-Sham-Hubbard model

DFT + Slave Boson Approximation (DFT+RISB)
LDA+SB as solving iteratively Kohn-Sham-Hubbard Hamiltonian

double-countine

Qpie y [N, VE p(r), I (r); @,EC, R, RN, 1, D, DA A

LxsulJ(r); ¢,E; R,R‘l, A D, D‘l, A
/dl‘](l‘)/) r) —I— E[]:‘IE? [/) r :'} —|— EiOH [/) r :'} _|_ Ei()n_-ion

| _I_Z [E?C [N}OC} - VdeNz!OC]

7T

Functional formulation LDA+SB formnom=iniesus

where Lksy is the SB functional of:

AN

Hya'[J(r)]

34




LDA+RISB: Solving iteratively Kohn-Sham-Hubbard model
DFT + Slave Boson Approximation (DFT+RISB)

LDA+SB as solving iteratively Kohn-Sham-Hubbard Hamiltonian

Update
electron
density

pSA(r)

Functional formulation LDA+SB fornom=ifiesn:

double-countine

Initial electron
density po(r)

¥

[ Construct J (r)

and corresponding
r):{HKS

¥

Solve HXSH with
GA

|
~ @@/

No

¥

Total energy
converged?

[ Initial Ve J

|
LDA+GA solver

with linear double
counting

Update
dc
i

KSH
Vdc

o

Rl A4 ZNIAL L
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DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism
An example: Orbital Differentiation with Crystal Field Effects in UO,

UQO, (arXiv:1606.09614 (2016))

Cubic fluorite Point symmetry U atoms
structure “double O point group” (low symmetry)

T6.7/2,4£)=1/5/12[7/2,+7/2)+/7/12|7/2,F1/2)

)
07.7/2,4) =F\/3/47/2,£5/2)£/1/4|7/2,%3/2)
T8 7/2.£) =£/T/12(7/2. £7/2)F/5/12|7/2,%1/2)
T8 7/2.2) =FV/1/4|7/2,£5/2)F/3/4]7/2. 73/2)
T7,5/2,4)=+/5/615/2,+3/2)—\/1/65/2, F5/2)
(| I8 5/2.) = /176 [5/2,£3/2)+/5/615/2.55/2)
| T, 5/2,4)=[5/2,41/2),

Self Energy X(®) non diagonal (less symmetry - less selection rules)

36



DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism
An example: Orbital Differentiation with Crystal Field Effects in UO,

UQO, (arXiv:1606.09614 (2

Eigenvalues of the 5f quasi-particle matrix Z and corresponding orbital occupations
for LDA+RISB calculations. Theoretical results obtained by taking into account the
crystal field splittings and by neglecting them.

Crystal Field Splitting essential in order to capture
the correct pattern of orbital differentiation in UO,

w/CFS  Ts(4) Tx(2) Ts() T22)  Ts2)

Z 0 0.92 0.92 0.95 0.95

n 1.92 0.14 0.08 0.06 0.04

w/o CFS 5/2 7/2
7 0 0.96

' n 1.98 0.16

37




DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism

An example: Orbital Differentiation with Crystal Field Effects in UO,

S T

UQO, (arXiv:1606.09614 (2016))

D

$

E (eV/fu.)

“‘r‘ |
“___r"'" |
0S5 --|--.--.-‘.'"."'|".'f'..‘. R B R B .—_
I L B L L Y LB L L LR
40-_ LDA B
=30 — LDA+RISB| ]
%.20‘_ +  Expt. —
al 10_: -
O__ SRR LR R R LR EERELEE LR —
I Ly T T

35 37.5 45 47.5

V (A°/fu)
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DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism
An example: Polymorphism in Strongly Correlated Materials

Polymorphism

¢ Carbon: Graphite, Diamond (different mechanical,
optical, electronic properties)

% TiO,: Anatase, Rutile (enhance photocatalytic
activity in Anatase with respect to Rutile)

¢ White and Grey Tin (different electronic and
mechanical properties)

LDA-like functionals lead systematically to wrong
predictions for correlated materials, e.g., involving
transition-metal atoms.
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DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism

An example: Polymorphism in Strongly Correlated Materials

Ground state structures and equilibrium volumes predicted oyASDANE

LDA LDA+SBU =13J=0.9 experiment
g.s. structure g.s. phase Vo (A”/f.u.) g.s. structure g.s. phase Vo (A”/f.u.) g.s. structure g.s. phase Vo (A°/f.u.)
CoO Wurtzite Metal 17.64 Rocksalt Insulator 20.48 Rocksalt Insulator 19.35
CoS NiAs Metal 23.11 NiAs Metal 25.93 NiAs Metal 25.77
CoSe NiAs Metal 27.25 NiAs Metal 30.99 NiAs Metal 30.27
CroO Wurtzite Metal 17.64 Rocksalt Metal 18.27 Rocksalt 18
MnO  Wurtzite Metal i7.13 Rocksalt Insulator 22.06 Rocksalt Insulator 21.97
FeO Zincblende Metal 18.69 Rocksalt Insulator 21.23 Rocksalt Insulator 20.35
2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
~ic # 2 B X
——— T 273
. ~]solid | Nonmetals 1! e
Weight Metalloids | ‘ 4.002602
¢ i [Hg- nor | Halogens Noble gases ORI I
Be : - Ne
Beryllium Metals e
6. 9.0121 Gas o : 20,1797
1 > 2 Akali A N0IGS Transitie 218 2]
3 Na z _ eathmetals Acpnows 0 AT
Sodium Argon
22989, 24 39.948
19 2 20 25 2 26 2 27 2128 2 36 2
4K iCa : iMn % Fe % Co %JNi TKr %!
Potassium Calcium Iron Cobalt Nickel Copper i Gallium Krypton
390083  40.078 55845 68933 WN586934 63546 6538 69723 7263 82.798
37 38 2 44 2 45 246 ? a7 48 49 50 51 ; 54 Bl -
5Rb % Sr ' Tc “Ru #Rh #Pd #Ag Cd #£In 2Sn ©£Sb | it Xe i3l
Rubidium ' Strontium z Technetum ° Ruhenum ' Rhodium ' Palladium  Silver Cadmium ° Indium Tin Antimony ° Tellurium ° lodine ' Xenon °
854678  87.62 : 98) 10107 10290.. 10642  107.8682 112414 114818 118710  121.760  127.60  126.90.. | 131293
55 56 72 273 74 275 2 76 277 278 279 80 81 82 83 84 285 2 86 2 «
6Cs #Ba #5771 |Hf #Ta #W £Re #0s #£Ir %Pt =Au =Hg =Tl =Pb =Bi #Po At = Rn !
Caesium Barium Hafnium ‘z Tantalum " Tungsten 'z2 Rhenium '3 Osmium '? Iridium 125 Platinum '|7 Gold ! Mercury Thallium ! Lead Bismuth Polonium ¢ Astatine "? ' Radon 1: ;
13290.. = 137.327 178.49 18384 186207 ~ 19023 192217 195084 = 196.96.. = 20059 20438 2072 208.98..  (209) (210) (222)
87 88 104 2 105 106 2 107 2 108 2 109 2 110 21 112 13 114 115 116 17 3 118 o
7Fr £ Ra 3|go-103|Rf #Db #£Sg #Bh $£Hs Mt £Ds $Rg 2Cn :2Nh 2FI 2Mc #2Lv £Ts 20g 2!
Francium 's Radium ' 15 Dubnium 1 Seaborumis Bohrium 13 Hassium 13 um 15 D 13 Roenenirsz Copemicumia Nihonium 32 Fleroviumiz Moscoviumis Livemomumis Tenessneis Oganessonis | 40
(223) (226) (267) 2 (268) @71) 2 (@272) 2 (270) 2 (276) 2 (281) ' (280) (285) (284) (289) (288) (293) (204) 7 (204) 8




DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism

An example: Polymorphism in Strongly Correlated Materials

Energy Profile Mn®©

MnO energy — volume curves DFT + GA/RISB

| _::: —  Rocksall Melal
—_— NiAs Metal
o —  Wurtzite Metal
- Zincblende Metal

----- Rocksall Mott
----- NiAs Mott

..... -EXE_J =21_97A3 /j'.u.
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24
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An example: Polymorphism in Strongly Correlated Materials

Energy Profile MnO

DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism

MnO energy — volume curves DFT + GA/RISB MnO energy — volume curves DFT + U
0
—0.5 -1
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Thank you for your

attention!




DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism
An example: The y-a transition of Ce

Phys. Rev. Lett. 111, 196801 (2013), Phys. Rev. B'90%16

Phys. Rev. Lett. 113, 036402 (2014)
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DFT + Slave Boson Approximation (DFT+RISB) Examples: low-symmetry systems (UO,), polymorphism

Actinides Transition
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HANDS-ON SESSION
(assistant: Tsung-Han Lee)

Using RISB Code Developed with Yongxin Yao (lowa)

and Gabriel Kotliar (Rutgers):
N. Lanata, Y. Yao, C.-Z. Wang, K.-M. Ho, and G. Kotliar, PRX 5, 011008 (2015)
N. Lanata, Y. Yao, X. Deng, V. Dobrosavljevic and G. Kotliar, arXiv:1606.09614 (2016).

\
Implementation of LAPW interface with the DFT WIEN2K code adapted
from DFT+DMFT code of:
K. Haule et al., see Phys. Rev. B 81, 195107 (2010).




CyGutz User Guide

For details, please refer to CyGutz user guide:
http://vkent.public.iastate.edu/cygutz/



http://ykent.public.iastate.edu/cygutz/

Fundamental object encoding material structure processed y OUINRSSYATINIEWS/S
analysis codes:
ASE (Atomic Simulation Environment, GNU LGPIlicenSe)iCIaSSEAN OIS

ASE “Afoms" ﬁ Used by our codes
class for symmetry

\ analysis
Wien2k Vasp _
(.struct file) (POSCAR file)

In our DFT (Wien2k) + X (GA/RISB, DMFT,...) “Atoms” class automatically
created from Wien2k structure file

Can be also
defined manually
in principle

But our symmetry codes elaborate the ASE (GNU LGPL license) “Atoms”
class (which does not depend on Wien2k)




Example where “Atoms” class Is created

M S @ lanata@Phoenix: ~/scratch/VideoConference/Preparation structure files
- | lanata@Phoenix: ~/scratch/VideoConference/Preparation structure files 103x33

File Edit Options Buffers Tools Python Help

import sys
import numpy as np

from numpy.linalg import det Manual preparation “Atoms” class of MnBI

=[ 1 F 1 ]
=[ (4.29, ©, 8), (8, 4.29, @), (8, 0, 6.13) ]
=[{@,8,08), (B,0,1.06/2.08), (1.86/3.06,2.06/3.8,1.0/4.0), (2.8/3.0,1.0/3.6,3.0/4.08)]

from ase import Atoms
= Atoms( symbols=symbols, cell=cell, scaled positions=scaled positions, pbc=

import os
from ase.io.wien2k import write struct

os.getcwd()

material +
= path + + material +
print fullname

write struct(name, atoms2=Material, rmt= , lattice= , ZZa= )

g Corresponding Wien2k structure file automatically written in proper format

:----F1 auto struct.p All L27




Example where “Atoms” class 1
different structure

@ © @ lanata@Phoenix: ~/scratch/VideoConference/Preparation structure files
= | lanata@Phoenix: ~/scratch/VideoConference/Preparation structure files 103x33

import sys
import numpy as np
from numpy.linalg import det

from ase import Atoms

import os
from ase.io.wienZk import write struct

from ase.io import read . R .
Por Creating “Atoms” classes from existing Vasp POSCAR files

read( , index= . )
read( , index= . )
Write SLruct| , aLomsZ2=Mn0 RS, rmi= , Latilce= , ZZa= ]
write struct( , atoms2=Mn0 7B, rmt= , lLattice= , ZZa= )

Corresponding Wien2k structure files automatically written from
“Atoms” classes

-UU-:----F1 convert struct.p ALl L23
End of buffer




Paliil

Work done by our symmetry Coces

Detect: (I) symmetry group lattice, (I1) equivalent atoms iIn
unit cell, (II1) point symmetry groups of Inequivalent
correlated atoms (3x3 matrices representing 3-dimensional

space isometries).

“Easy”: Essentially real-space geometry.
Automatically done by “pymatgen” (ASE-based open-source
software)

Starting point for actual symmetry analysis (see the next slide).




Work done by our symmetry COCIESRel2

Use theory of group representations to split single-particle
space and many-body local space of strongly correlated
electrons in irreducible representations.

More complicated: Depends on whether we treat “d” or
“t” electrons, whether we neglect or not SOC/CF, single-
particle space or many-body space, etc... In general. It
depends on how the quantum configurations considered
transform with respect to the group transformations.

Additional complications of “double groups” (27 rotations

not identity for half-integer J).

This enables us to obtain: (I) “symmetry basis” in which
the local self-energy and the many-body local density matrix
of the correlated electrons are as simple as possible (block
diagonal, inequivalent representations not coupled, ecc...).




Interactive user interface

Given a folder with a completed DET job, the python script “init_ga.py” asks
questions to the user concerning the desired approximations.

(The symmetry analysis depends on whether the correlated shell 1s “d™ or “f” and
whether the SOC or the CFES are negligible)

Examples:

¢ If SOC is neglected a rotation within the single-particle (or many-body) space is
represented as exp(iL0), where L is the orbital angular momentum. If instead both
SOC and CFS are important, a rotation within the same space Is represented as
exp(iJ0), where J=L+S is the total angular momentum.

¢ If J is half-integer a rotation of 2x is not the identity (but the identity multiplied
by -1). This requires to duplicate the group (double groups). For instance, the
Koster symbols in our paper about UO, [arXiv:1606.09614 (2016)] correspond to
irreducible representations of a double group.

Our code can deal with all of these possibilities automatically. The user does not

need to know anything about group theory, but simply describe the physical
problem and the desired approximation scheme.




Initialization UO%E

LDA



Initialization UO

: ;@henhans-Satel... * henhans@henhans-Satel... * henha enhans-Satel... = | henhans@henha
henhansghenhans-Satellite-C55-C:~/cygutz /U02/LDA_k2000/U02$ init_lapw -b -vxc 5 -ecut 8 -rkmax 9 -numk 2000
|
!




henhans-Satellite-C55-C

; ATOM 2 O ATOM 1 U
RMT( 2)=2.09000 AND RMT( 1)=2.36000
| SUMS TO 4.45000 LT. NN-DIST= 4.47760

NN ENDS
0.0u 0.0s 0:00.00 0.0% 0+0k 0+40io Opf+ow
>  sgroup (12:51:05) 0.0u 0.0s 0:00.00 0.0% 0+0k 0+8io0 Opf+ow

| Names of point group: m-3m 4/m -3 2/m oh
| Names of point group: -43m -43m Td
Number and name of space group: 225 (F m -3 m)
>  symmetry (12:51:85) 0.6u 0.0s 0:00.00 0.0% 0+0k 0+72io Opf+ow
' 2 Atoms found: U O
generate atomic configuration for atom 1
generate atomic configuration for atom 2
SELECT XCPOT:
recommended: 13: PBE-GGA (Perdew-Burke-Ernzerhof 96)
' 5: LSDA
11: WC-GGA (Wu-Cohen 2006)
19: PBEsol-GGA (Perdew etal. 2008)
SELECT ENERGY to separate core and valence states:
recommended: -6.0 Ry (check how much core charge leaks out of MT-sphere)
ALTERNATIVELY: specify charge localization
(between ©.97 and 1.8) to select core state

u
0

.
H
-
.

WARNING: RO=0.000100 for atom 1 7= 92.00 too big. Use ©.08085
I

LSTART ENDS
WARNING: RO=0.000100 for atom 1 Z= 92.00 too big. Use ©.00005
> inputfiles prepared (12:51:05)
NUMBER OF K-POINTS IN WHOLE CELL: (@ allows to specify 3 divisions of G)
length of reciprocal lattice vectors: 1.6852 1.6052 1.852 17.1080 17.160 17.100
165 k-points generated, ndiv= 17 17 17
KGEN ENDS
> dstart (12:51:85) DSTART EMNDS
0.9u 0.05 0:00.99 98.9% 0+0k 0+424io @pf+ow
————— > new U02.1in® generated
init_lapw finished ok

henhansghenhans-satellite-C55-C:~/cygutz/U02/LDA/UD25 initso_lapw |




Initialization UO

enhans-Satellite-C55-C: ~ = enhans-Satellite-C55-C:
The file U02.in2c has been generated automatically

- ->Please select the direction of the moment (hkl)

| (For R-lattice in R coordinates)(default 8 o 1): [




enhans-Satellite-C55-C: ~ X enha henhans-Satell
The file UO2.in2c has been generated automatically

---->Please select the direction of the moment ( h k 1 )
(For R-lattice in R coordinates)(default @ © 1):

atom 1 is U

atom 2 is O

|

|

|Select atom-numbers (1,2,3) or "ranges of atoms" (1-3,9-12) (without blanks)
|for which you would NOT like to add SO interaction

| (default none, just press "enter" ): b |




s@henhans-Satell

iFor large spin orbit effects it might be necessary to include many more
eigenstates from lapwl by increasing EMAX in case.ini1(c).

|
---->Please enter EMAX(default 5.0 Ryd): [J




enhans-Satellite-C55-C: ~

For large spin orbit effects it might be necessary to include many more
eigenstates from lapwl by increasing EMAX in case.ini(c).

---->Please enter EMAX(default 5.0 Ryd):

'The radial basis set for heavy atoms with p-semicore states is very
limited. One can improve this by adding RLOs. Note: you MUST NOT add
RLOs for atoms like oxygen,.... therefore the default is set to NONE
|---->Add RLO for NONE, ALL, CHOOSE elements? (N/a/c) : |




enhans-Satellite-C55-C: ~ x 8 henhans-Satellite-C55-C

---->Please enter EMAX(default 5.0 Ryd):

For large spin orbit effects it might be necessary to include many more
eigenstates from lapwl by increasing EMAX in case.ini(c).

The radial basis set for heavy atoms with p-semicore states is very
limited. One can improve this by adding RLOs. Note: you MUST NOT add
IRLOs for atoms like oxygen,.... therefore the default is set to NONE
|---->Add RLO for NONE, ALL, CHOOSE elements? (N/a/c) :
cat: .ileds: No such file or directory
' Check the generated U02.inso file (RLOs,...)

Check the generated U02.in1 file (Emax at the bottom of the file)

In spinpolarized case SO may reduce symmetry.

'The program symmetso dedects the proper symmetry and creates new struct and
input files. (Note, equivalent atoms could become inequiwvalent in some cases).
|

Do you have a spinpolarized case (and want to run symmetso) 7 (y/M)]




: .@henhans-Satel... * henhans@henhans-Satel...
hhenhansghenhans-Satellite-C55-C:~/cygutz /U02/LDA_k2000/U02$ run_lapw -so




Initialization UOZ:

L DA + RISB



Initialization UQO, : L

@ S © lanata@rupc04:..w/test_UO2/LDA/UO2

asi) lanata@rupc04:...w/test UO2/LDA/UO2 118x37
lanata@rupc@4:~/mnt/w/test U02/LDA/U02> 1s

dstart.def params.dat U02.in2 1s U02.kgen UD2. rspdn UD2.vspdn st
dstart.error symmetry.def U02.in2 st Uo2.klist U02. rspup U02.vsp st
GL.INP U02.bva U02.in2 sy U02.nnshells U02.sigma WH_HS.INP

init ga info.h5 U02.clmsum U02.1inc U02.outputd Uo2.struct WH HS.INP ORIG
init _ga.input UD2.dayfile UD2.inc st U02.outputkgen UD2.struct nn WH_N2N.INP
init ga.slog U02.in® U02.inm U02.outputnn U02.struct orig WH SIGMA STRUCT.INP
input.slog UD2.1in0 st UD2.inm restart st UOD2.outputs UD2.struct setrmt WH SL VEC.INP
kgen.def U02.in0 std U02.inm st UO2.outputsgroup UO2.struct sgroup

:log U02.1inl U02.1inqg UD2.outputsgroupl UO02.struct st

lstart.def U02.1inl st UD2.inqg st UD2.outputst UD2. test

new super.clmsum U02.in2 U02.inso U02.rsigma Uo2. tmp

nn.def U02.1n2c¢ U02.1inst U02.rsp U02. tmpden

lanata@rupc®4:~/mnt/w/test U02/LDA/U02> init ga.py N

Running script “init_ga.py” in folder with completed DFT run




Initialization UO, : LDA #RISE

A S G lanata@rupc04:..w/test_UO2/LDAfUO2

= | lanata@rupc04:...w/itest UO2/LDA/UOZ2 118x37
lanata@rupctd:~/mnt/w/test U0O2/LDA/UD2> 1s

dstart.def params.dat Ud2.in2 1s Uo2.kgen Uo2.rspdn U02.vspdn st
dstart.error symmetry.def U02.in2 st Uo2.klist Uo2.rspup Uo2.vsp st
GL.INP Uo2.bva Ud2.in2 sy U02.nnshells Uo2.sigma WH_HS.INP

init ga info.h5 U02.clmsum Uo2.inc U02.outputd Uo2.struct WH HS.INP ORIG
init ga.input Uo2.dayfile UD2.inc_st U02.outputkgen Uo2.struct _nn WH N2N.INP
init ga.slog Uo2.ing@ Uo2.inm U02.outputnn Uo2.struct orig WH SIGMA STRUCT.INP
input.slog U02.inB st UD2.inm restart st UO02.outputs UD2.struct setrmt WH SL VEC.INP
kgen.def UD2.in@G _std UOZ.inm_st UDZ2.outputsgroup UD2.struct_sgroup

:log uo2.inl Uo2.ing U02.outputsgroupl UO2.struct st

lstart.def UD2.inl_ st UD2.ing_st UDZ.outputst UDZ. test

new super.clmsum UD2.in2 Uo2.inso Uo2.rsigma uoz2.tmp

nn.def Uo2.in2c UD2.inst Uo2.rsp UD2. tmpden

lanata@rupcld:~/mnt/w/test U0O2/LDA/UD2> init ga.py

User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n}J}




Initialization UO,, : LDA RIS

M S © lanata@rupc04:..wftest_UO2/LDA/UO2

= | lanata@rupc04:...w/ftest UO2/LDA/UOZ2 118x37
lanata@rupc@4:~/mnt/w/test U02/LDA/UDZ2> s

dstart.def params.dat Ud2.in2 1s Uo2.kgen U02.rspdn UD2.vspdn st
dstart.error symmetry.def U02.in2 st Uo2.klist Uo2.rspup UD2.vsp st
GL.INP Uo2.bva Ud2.in2 sy U02.nnshells Uo2.sigma WH_HS.INP

init ga info.h5  UD2.clmsum Uo2.inc Uo2.outputd Uo2.struct WH HS.INP ORIG
init ga.input U02.dayfile UDZ.inc_ st U02.outputkgen Uo2.struct_nn WH N2N.INP
init ga.slog Uo2.in®@ Uo2.inm U02.outputnn Uo2.struct orig WH SIGMA STRUCT.INP
input.slog U02.inB st UD2.inm restart st UD2.outputs UD2.struct setrmt WH SL VEC.INP
kgen.def U02.in@® std UD2.inm st UO2.outputsgroup UD2.struct sgroup

:log Uo2.inl Ud2.ing UDO2.outputsgroupl UD2.struct st

lstart.def U02.inl st UD2.ing_st UD2.outputst UD2.test

new super.clmsum UD2.in2 Ud2.inso Uo2.rsigma Uo2.tmp

nn.def U02.in2c UD2.inst uo2.rsp Uo2.tmpden

lanata@rupcBd:~/mnt/w/test U0D2/LDA/UD2> init ga.py

User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...nj}

Answer “y”” only if looking for solution breaking local spin/orbital
symmetry spontaneously (e.g., we may need it for URu,SI,)




Initialization UO, : LDA #RISE

@ S F lanata@rupc04:..w/test_UO2/LDA/UO2

= | lanata@rupc04:.. w/test_ UO2/LDA/UOZ 118x37
lanata@rupcBd:~/mnt/w/test U02/LDA/UDZ> 1s

dstart.def params .dat Ud2.in2 1s Uo2.kgen Uo2.rspdn Uo2.vspdn st
dstart.error symmetry.def U02.in2 st UD2.klist UD2.rspup UD2.vsp st
GL.INP Uo2.bva U02.in2 sy U02.nnshells Uo2.sigma WH HS.INP

init ga info.h5 UDZ.clmsum UD2.inc UD2.outputd U02.struct WH HS.INP ORIG
init ga.input Uo2.dayfile UD2.inc st Uo2.outputkgen Uo2.struct nn WH N2N.INP
init _ga.slog uUpz2.ing UDZ.inm U0Z2.outputnn Uo2.struct_orig WH_SIGMA STRUCT.INP
input.slog Uo2.in@ st UD2.inm restart st UO2.outputs U02.struct setrmt WH SL VEC.INP
kgen.def UD2.in® std UODZ.inm_st UDZ.outputsgroup UD2.struct_sgroup

:log uo2.inl Ud2.ing UD2.outputsgroupl UO02.struct st

lstart.def UDZ.inl_ st UD2.ing_st UDZ.outputst UDZ.test

new super.clmsum UD2.in2 Uo2.inso Uo2.rsigma uo2.tmp

nn.def UD2.in2c UDZ.inst uozZ.rsp Uo2. tmpden

lanata@rupc®4d:~/mnt/w/test UO2/LDA/UD2> init ga.py
User inputs to initialize the ga job.

Do you want to BREAK SPIN-S5YMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...n

Symmetrically-equivalent atom indices: 8 1 1

(note: '8 @@ 1 1' means 1-3 and 4-5 are two inequivalent atoms).
Accept?

Pick one from [y, nl...yj}

Pymatgen detects automatically equivalent atoms (information used to
avoid solving repeatedly equivalent impurity problems)




Initialization UO,, : LDA+

RIS

[ ]
D)

J

M SO lanata@rupc04:..w/ftest_UO2/LDA/UO2

= | lanata@rupc04:...
lanata@rupcO4:~/mnt/w/test U02/LDA/UDZ> 1s

dstart.def params.dat Uo2.in2 1s uoz
dstart.error symmetry.def U02.in2 st uoz.
GL.INP U2 .bva Uo2.in2 sy uoz.
init ga info.h5 UDZ2.clmsum Ud2.inc uoz.
init ga.input U02.dayfile UD2.inc st uoz.
init ga.slog Uo2.in@ Uo2.inm uoz.
input.slog U02.in@ st UD2.inm restart st U02
kgen.def U02.inB® std UDZ.inm st uoz
:log Uo2.inl Uo2.ing uoz2
lstart.def UD2.inl st UDZ.ing_st uoz.
new super.clmsum U02.in2 Uo2.inso uoz.
nn.def UD2.in2c UDZ.inst uoz.

lanata@rupcBd:~/mnt/w/test U02/LDA/UD2> init ga.py
User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...n

Symmetrically-equivalent atom indices: @& 1 1
(note: '8 88 11
Accept?

Pick one from [y, nl...y

Is this atom correlated?
Pick one from [y, nl...yjj]

w/test UO2/LDA/UO2 118x37

.kgen

klist
nnshells
outputd
outputkgen
outputnn

.outputs
.outputsgroup
.outputsgroupl

outputst
rsigma
rsp

means 1-3 and 4-5 are two inequivalent atoms).

uoz2
uoz2

.rspdn
.rSpup
uo2.
uoz.
uo2.
uoz.
uo2.
uoz.
uoz.
uo2.
uoz.
uo2.

sigma
struct
struct
struct
struct
struct
struct
test
tmp
tmpden

nn
orig
setrmt
sgroup
st

U02.vspdn st
Ud2.vsp_ st
WH HS.INP
WH_HS.INP
WH MZN.INP
WH_SIGMA STRUCT.INP
WH SL VEC.INP

ORIG

Code asking user if atom with label “0”” (which 1s U) is
correlated or not




Initialization UO,, : LDA+#

M S E lanata@rupco04:...w/test_UO2/LDA/UO2

= | lanata@rupc04:.. .witest UOZ/LDA/UO2 118x37
lanata@rupcB4d:~/mnt/w/test UD2/LDA/UD2> 1s

dstart.def params.dat Uo2.in2 ls uoz2.kgen Uo2.rspdn UD2.vspdn st
dstart.error symmetry.def U02.in2 st uo2.klist Uo2.rspup UD2.vsp st
GL.INP Uo2.bva Uo2.in2 sy UD2.nnshells Uoz2.sigma WH HS.INP

init ga info.h5 U02.clmsum Ud2.inc Ud2.outputd UD2.struct WH HS.INP ORIG
init ga.input Uo2.dayfile U02.inc_st UD2.outputkgen Uo2.struct _nn WH N2N.INP
init ga.slog Uo2.ing@ uo2.inm UD2.outputnn Ud2.struct orig WH SIGMA STRUCT.INP
input.slog UD2.inB@ st U02.inm restart st UD2.outputs UD2.struct setrmt WH SL VEC.INP
kgen.def U02.inB std UD2.inm st UD2.outputsgroup UD2.struct sgroup

:log Uo2.inl uoz2.ing UD2.outputsgroupl UO2.struct st

lstart.def U02.inl st U02.ing_st UD2.outputst UD2.test

new super.clmsum U02.inZ2 Uo2.inso Uo2.rsigma uoz2.tmp

nn.def UD2.in2c Uo2.inst uo2.rsp Uo2.tmpden

lanata@rupcB®4d:~/mnt/w/test UDZ2/LDA/U02= init ga.py
User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...n

Symmetrically-equivalent atom indices: @ 1 1

(note: '8 8 8 1 1' means 1-3 and 4-5 are two inequivalent atoms).
Accept?

Pick one from [y, n]...y

Is this atom correlated?
Pick one from [y, n]...y

Enter correlated shells?

Pick one or combinations separated by blank space U atom has f Correlated electrons
from [s, p, d, fl...f}]




Initialization UO, : LDA +RISB

M S @ lanata@rupc04:..w/test_UO2/LDA/UO2

= | lanata@rupc04:...w/test UO2/LDA/UO2 118x37

init_ga.slog Uo2.in@ Uo2.inm U02.outputnn Uo2.struct_orig WH_SIGMA_ STRUCT.INP
input.slog U02.inB st UD2.inm restart st UD2.outputs UD2.struct setrmt WH SL VEC.INP
kgen.def U02.inB std UD2.inm st UD2.outputsgroup UD2.struct sgroup

:log Uo2.inl Ud2.ing UD2.outputsgroupl U02.struct st

lstart.def U02.inl st UD2.ing st UD2.outputst Uo2.test

new_super.clmsum UO02.in2 Ud2.inso Uo2.rsigma uoz2.tmp

nn.def U02.in2c UD2.inst uo2.rsp Uo2.tmpden

lanata@rupc@d:~/mnt/w/test UDZ2/LDA/UDZ> init ga.py
User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...n

Symmetrically-equivalent atom indices: © 1 1
(note: '@ 8 8 1 1' means 1-3 and 4-5 are two inequivalent atoms).

Accept?
Pick one from [y, nl...y

Is this atom correlated?
Pick one from [y, nl...y

Egziraﬁgrgfli;ﬁglzgﬂérﬁ; separated by blank space SOC and CFS nOt negllglble SyStem
from [s, p, d, fl...f not spin rotationally-invariant.

Do you want to take into account the SPIN-ORBIT interaction?

Pick one from [y, nl...y Discrete group with rotations
Do you want to take intoc account the CRYSTAL FIELD effect? generated by J=L+S

Pick one from [y, nl...yl]




Initialization UO,, : LDA RIS

M S @ lanata@rupc04:..w/test_UO2/LDA/UO2

= | lanata@rupc04:...w/test UO2/LDA/UO2 118x37

nn.def U02.in2c UD2.inst uo2.rsp Uo2.tmpden
lanata@rupc@d:~/mnt/w/test UD2/LDASUO2> init ga.py

User inputs to initialize the ga job.

Do you want to BREAK SPIN-SYMMETRY?
Pick one from [y, nl...n

Do you want to COMPLETELY BREAK ORBITAL-SYMMETRY?
Pick one from [y, nl...n

symmetrically-equivalent atom indices: ©® 1 1

(note: '8 8 @ 1 1' means 1-3 and 4-5 are two inequivalent atoms).
Accept?

Pick one from [y, nl...y

Is this atom correlated?
Pick one from [y, nl...y

Enter correlated shells?
Pick one or combinations separated by blank space
from [s, p, d, fl...f

Do you want to take into account the SPIN-ORBIT interaction?
Pick one from [y, nl...y

Do you want to take into account the CRYSTAL FIELD effect?
Pick one from [y, nl...y

atom 1 0 Code asking user if atom with label “1”” (which is O) is
Is this atom correlated? correlated or not (it’s not) ‘
Pick one from [y, nl...nj]




Initialization UO, : LDA RIS

@S @ lanata@rupc04:..w/test_UO2/LDA/UO2

= | lanata@rupc04:...w/test UOZ/LDA/UOZ 118x37
Accept?
Pick one from [y, nl...y

Is this atom correlated? Oth.er questions not rela.ted
Pick one from [y, nl...y with symmetry analysis

Enter correlated shells?
Pick one or combinations separated by blank space
from [s, p, d, fl...T

Do you want to take into account the SPIN-ORBIT interaction?
Pick one from [y, nl...y

Do you want to take into account the CRYSTAL FIELD effect?
Pick one from [y, nl...y

Is this atom correlated?
Pick one from [y, nl...m

LHUB = 1: Slater-Condo parametrization.
2: Kanamorli parametrization (useful for models).
B:

U {i,j,k,1} (NO SPIN INDEX) =

Ve Rl S S, Y \We choose Slater parametrization local
will be provided by file V2A0. : :

-1: Ul{i,j?k?{?u-[lIECLUSINé SPIN TNDEX) = Interaction (Consequently values of U,J
int {dr int {dr’ phi~“{*}{r_ i) phi®“{*}(r'_j) -
phi(r k) phi(r' 1)}} will be asked)

will be provided by file W2H.INP
Please select LHUB:
Pick one from [1, -1, 8, 2]...1J}




A S © lanata@rupc04:..wftest_UO2/LDA/UO2
= | lanata@rupc04:...witest UO2/LDAMO2 118x37

Do you want to take into account the SPIN-ORBIT interaction?
Pick one from [y, nl...y

Do you want to take into account the CRYSTAL FIELD effect?

Pick one from [y, nl...y Other questions not related
............ with symmetry analysis

Is this atom correlated?
Pick one from [y, nl...n
LHUB = 1: Slater-Condo parametrization.
2: Kanamori parametrization (useful for models).
@: U {i,j,k,1} (NO SPIN INDEX) =
int {dr int {dr' phi®*{*}(r_1i) phi~{*}(r" _j}
Vilr-r*|) phi(r_k) phi{(r® 1)}}
will be provided by file V2AOD.INP
-1: U _{i,j.k,1} (INCLUDING SPIN INDEX) =
int_{dr int {dr' phi®*{*}(r_1i) phi~{*}(r"_j}
phi(r_k) phi{r" 1)}}
will be provided by file WV2H.INP
Please select LHUB:
Pick one from [1, -1, @, 2]...1

LDC = 12: Recommended. Standard double counting
(updating Vdc at each charge iteration,
initial n@ to be provided.)

2: Fix double counting potential We generally choose standard

(keep same Vdc/n@ at each charge iteration, - . .

no to be provided.) (quadratic) double counting in all of our
1: Standard double counting potential .

(n@ self-consistently determined.) CaICUIatlonS

8: MNo double counting.
Please select LDC:
Pick one from [12, @, 1, 2]...12}




M S © lanata@rupc04:..wftest_UO2/LDA/UO2
= | lanata@rupc04:...witest UO2/LDAMO2 118x37

Do you want to take into account the CRYSTAL FIELD effect?
Pick one from [y, n]...y

Other questions not related

Is this atom correlated?
Pick one from [y, nl...n

with symmetry analysis

LHUB = 1: Slater-Condo parametrization.
2: Kanamorli parametrization (useful for models).
@: U {i,j,k,1} (NO SPIN INDEX) =
int {dr int {dr' phi®{*}(r_1i) phi~{*}(r" j)
Vilr-r'|) phi(r_k) phi(r' 1)}}
will be provided by file V2AOD.INP
-1: U {i,j,k,1} (INCLUDING SPIN INDEX) =
int {dr int {dr' phi®*{*}(r_1i) phi~{*}(r" _j}
phi(r_k) phi(r"_1)}}
will be provided by file V2H.INP
Please select LHUB:
Pick one from [1, -1, @, 2]...1

LDC = 12: Recommended. Standard double counting
(updating Vdc at each charge iteration,
initial n@ to be provided.)

e e e P e iteration, QueStION specific for GA/RISB solver

1: Standard Houble counting potential (precision requested for self-energy self

- consistency, which is formulated as a root
L problem)

Please enter the tolerance of solving the equations of {R, ‘\lambda}
(recommend 1.e-5 or smaller)...5.e-6




Initialization UO,, : LDA RIS

M S @ lanata@rupc04:..w/test_UO2/LDA/UO2
= | lanata@rupc04:...w/test UO2/LDA/UO2 118x37

Is this atom correlated?
Pick one from [y, nl...n
LHUB = 1: Slater-Condo parametrization.

2: Kanamori parametrization (useful for models).
8:

T e e Other questions not related
int {dr int_{dr' phi®{*}(r_ i) phi~{*}(r' _j) H H
G e R AN R with symmetry analysis
will be provided by file WV2AOD.INP
-1: U {i,j,k,1} (INCLUDING SPIN INDEX) =

int_{dr int_{dr' phi®{*}(r_i)} phi~{*}(r'_j)
phi(r k) phi(r' 1}}}
will be provided by file V2H.INP

Please select LHUBE:

Pick one from [1, -1, 8, 2]...1

LDC = 12: Recommended. Standard double counting
(updating Vdc at each charge iteration,
initial n@® to be provided.)

2: Fix double counting potential
(keep same Vdc/n@ at each charge iteration,
nd to be provided.)

1: Standard double counting potential QueStIOI’l SpEC'flC fOF GA/RISB SO|V6I’
(n@ self-consistently determined.) .
enc 22y No double counting. (solver used for root problem, basically
ease selec : . .
Pick one from [12, 8, 1, 2]...12 better to use default option in all cases)
Please enter the tolerance of solving the equations of {R, ‘\lambda}
(recommend 1l.e-5 or smaller)...5.e-6

LNEWTON = 8: Recommended. Modified Powell hybrid method (HYDRD1).
-1: Broyden method. Faster for solutions with Z
much larger than 8, e.g., magnetic calculations.
Please select LNEWTOMN:
Pick one from [-1, 0]...0}




Initialization UO, : LDA

M S © lanata@rupc04:..wftest_UO2/LDA/UO2

= | lanata@rupc04:...witest UO2/LDAMUO2 118x37
2: Kanamorli parametrization (useful for models).
@: U {i,j,k,1} (NO SPIN INDEX]) =
int_{dr int {dr' phi®*{*}(r_i} phi*{*}(r" _j}
Vi|r-r*|) phi(r_k) phi{(r® 1)}}
will be provided by file V2AD.INP

-1: U {i,j,k,1} (INCLUDING SPIN INDEX) = H
int [dr int {dr® phi*{=}(r i) phi*{*}(r' i) Other questions not related
hilr k) phi(r' 1)}} . .
'E‘i_lllrbe p?‘ciiéed by file V2H.INP w“h Symmetry qnquSIS

Please select LHUB:
Pick one from [1, -1, &, 2]...1

LDC = 12: Recommended. Standard double counting
(updating vdc at each charge iteration,
initial n@ to be provided.)

2: Fix double counting potential
(keep same Vdc/n® at each charge iteration,
nd to be prowvided.)

1: Standard double counting potential
(n@ self-consistently determined.)

8: MNo double counting.

Please select LDC:

Pick one from [12, @, 1, 2]...12

Please enter the tolerance of solving the equations of {R, ‘lambda}

(recommend 1l.e-5 or smaller)...5.e-6

LNEWTON = 8: Recommended. Modified Powell hybrid method (HYDRD1).
-1: Broyden method. Faster for solutions with Z
much larger than 8, e.g., magnetic calculations.
Please select LNEWTONM:

Pick one from [-1, 0]...0 The cluster impurity (option 1) is not even
LCLUSTER - 01 single-atom impurity. o erity. implemented. Answer “0” to apply standard

e e T o single-site approximation scheme




@S @ lanata@rupc04:..w/test_UO2/LDA/UO2

= | lanata@rupc04:...witest U02/LDAMO2 118x37

: Recommended. Standard double counting
(updating Vdc at each charge iteration,
initial n@ to be provided.)

2: Fix double counting potential
(keep same Vdc/n@ at each charge iteration,
nd to be prowvided.)
1: Standard double counting potential
(n@ self-consistently determined.)
8: MNo double counting.
Please select LDC:
Pick one from [12, @, 1, 2]...12

Other questions not related

with symmetry analysis

Please enter the tolerance of solving the equations of {R, “lambda}
(recommend 1.e-5 or smaller)...5.e-6

LNEWTON = 8: Recommended. Modified Powell hybrid method (HYDRD1).
-1: Broyden method. Faster for solutions with Z
much larger than 8, e.g., magnetic calculations.
Please select LNEWTON:
Pick one from [-1, ©]...8

Option “5” 1s basically a robust
Implementation of Lanczos (best option

LCLUSTER = B: Single-atom impurity.

1: Multi-atom (cluster) impurity.
Please select LCLUSTER:
Pick one from [®, 1]...8

for now).

Solution embedding system:

LEIGV = @: Choose automatically solwver depending

on the size of the problem (DEFAULT)

Exact diagonalization (ZHEEV) in LAPACK
Lanczos (zhdrvl) in ARPACK

Exact diagonalization (ZHEEVX,

selective lowest two eigen-vectors) in LAPACK
: PRIMME (Recommended for large dimension.)
Please select LEIGV:

Pick one from [5, 8, 1, 2, 3]...5]}

Currently testing new solvers (DMRG,
CISD, etc....). Big room for
Improvement with respect to Lanczos.

Ll Rk

LA

] ]




Initialization UO, : LD

@ S @ lanata@rupc04:..wftest_UO2/LDAJUO2

= | lanata@rupc04:...w/ftest UO2/LDA/UO2 118x37
2: Fix double counting potential
(keep same Vdc/n@ at each charge iteration,
nd to be provided.)
1: Standard double counting potential
(n@ self-consistently determined.)
B: No double counting.
Please select LDC:

Other questions not related

Pick one from [12, 8, 1, 2]...12 w"-h symmeiry qnqusis
Please enter the tolerance of solving the equations of {R, ‘\lambda}
(recommend 1l.e-5 or smaller)...5.e-6

LNEWTON = 8: Recommended. Modified Powell hybrid method (HYDRD1).
-1: Broyden method. Faster for solutions with Z
much larger than 8, e.g., magnetic calculations.
Please select LNEWTON:
Pick one from [-1, ©]...8

LCLUSTER = 8: Single-atom impurity.

1: Multi-atom (cluster) impurity.
Please select LCLUSTER:
Pick one from [®, 1]...8

Solution embedding system:

LEIGV = @: Choose automatically solver depending

on the size of the problem (DEFAULT)

Exact diagonalization (ZHEEV) in LAPACK

Lanczos (zhdrvl) inm ARPACK

Exact diagonalization (ZHEEVX,

selective lowest two eigen-vectors) in LAPACK
5: PRIMME (Recommended for large dimension.)

Please select LEIGV:

Pick one from [5, @, 1

L =

2, 31...5

(]

Provide U,J parameters for atom
INFORMATION FOR f ELECTRONS OF U : - - o -
Please provide interaction parameters U,J IndICa'[Ed (U N thlS Case)

separated by a space: 9 0.6



Initialization UO,, : LDA+#

M S lanata@rupc04:..wftest_UO2/LDA/UO2

= | lanata@rupc04:...wjtest UO2/LDAMJO2 118x37

(n@ self-consistently determined.)
8: MNo double counting.
Please select LDC:
Pick one from [12, @, 1, 2]...12

Please enter the tolerance of solving the equations of {R, “\lambda}

Other questions not related

(recommend 1l.e-5 or smaller)...5.e-6
LNEWTON = 8: Recommended. Modified Powell hybrid method (HYDRD1). w“h Symmetry qnquSIS
-1: Broyden method. Faster for solutions with Z

much larger than 8, e.g., magnetic calculations.

Please select LNEWTON:
Pick one from [-1, B8]...8

LCLUSTER = 8: Single-atom impurity.

1: Multi-atom (cluster) impurity.
Please select LCLUSTER:
Pick one from [8, 1]...8

Solution embedding system:

LEIGV = @: Choose automatically solwver depending

on the size of the problem (DEFAULT)

Exact diagonalization (ZHEEV) in LAPACK
Lanczos (zhdrvl) in ARPACK

Exact diagonalization (ZHEEVX,

selective lowest two eigen-vectors) in LAPACK
: PRIMME (Recommended for large dimension.)
Please select LEIGV:
Pick one from [5, 8, 1

Ll B

LA

, 2, 31...5

INFORMATION FOR f ELECTRONS OF U :

Please provide interaction parameters U,J

separated by a space: 9 0.6

Please provide MN1,N2 defining valence range [N1,6N2]
separated by a space ([ @ < N1 < N2 < 14 ): 0 4
Please provide guess n@ for valence

(8 < n®@ < 4 overwritten by GL NELF1.INP): 2.1J}

Relevant valence range of U atom.
Embedding problem computationally
challenging when CFS and SOC both non-
negligible. Valence truncation necessary
with Lanczos (and fortunately licit for this
system).



@S @ lanata@rupc04:..w/test_UO2/LDA/UO2

Error

Please run ga_init dmft.py with parameters given in init _ga.slog
The default dist cut for extracting a centered cluster
3.9044807499

.ae
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.aa
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.ae
.a8
-1.
-@.
in sum

a6
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|
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.00
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.88
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for symmetry evaluation

Molecule extracted 0 8 U 13
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lanata@rupc04:...witest UO2/LDAMO2 118x37

Initialization completed.
Corresponding information
given (and part of the

processed information)
dumped in file
“init_ga.slog”.

lanata@rupcBd:~/mnt/w/test U02/LDA/UDZ> 1955|init ga.slog I |



Initialization UO, : LDA R

M S @ lanata@rupc04:..w/ftest_UO2/LDA/UO2

= | lanata@rupc04:...w/ftest_UOZ/LDA/UOZ 118x37

The executed commant line is:

Jhome/ykent /WIEN GUTZ/bin/tools/Gutzwiller/init_ga.py
Cell:

[[ 3.29444387e-16 2.09011757=+00 2.69011757e+00]
[ 2.690811757e+080 1.684722193e-16 2.69011757e+00]

[ 2.69011757e+0@ 2.690811757e+00 0.00000000e+00]] Initialization comple’red.
T Corresponding information
[{ g:‘.-’f:- g:?s g:ﬁ} given (and part of the
—STErThCT s e Do processed information)
Sﬁgi}c;f:;éﬂgtegoﬁ;z?m5 LE]{D-'-'elated electrons: ['f'] d.Ur.nped in ﬁle
Takekintolaccolthers Attt CiasnRe e s “init_ga.slog”.

Cut-off distance for symmetry analysis: -1.8

LGPR] = 11: Assuming only that $[\phi,N] = 8% (allowing simultaneously SOC, magnetism and crystal field)
( the value of n® will be overwritten by GL_NELF1.INP & GL_NELF1.0UT during the calculation )
self energy @

[[l20606060600600600a8a06a8]

[Z340B8008066806066 06 8]

[eB12008008008 06 0]

[ 3 ]

(6606560000000 0] Block structure of self energy of f electrons of U
[oePBO7B80000000 0] - c 5
0006000560060 00 0] atom in symmetry basis accordingly to Shur
[0 BBOTEBBBO6 6O 8]

0000000056000 0] Lemma (calculated by our symmetry code)
[pOoPBOBDEBOTBOB O 6]

[0 BBOBOBBS56 6 8]

[booOOBOOBOOETE O O]

[boeBOOOBOOE OB 9 0]

[ BBEBBBB6GB6B6 9]]

Please run ga init dmft.py with the following parameters.




Hands-on Session: Outliné

> d-Ce LDA+SB calculation:
density of state, multiplets histogram, band structure.

» o-Fe LDA+SB spin polarized calculation:
density of state, band structure.

» (Optional) Energy-Volume scan for a-Ce.



Hands-on Session:

Folder structure:

winterschool@winterschool-VirtualBox: ~fwinterschool/Ce

B
=
S
*

‘m

winterschool@wi... x ¢
winterschool@winterschool-VirtualBox:~/winterschool/Ce5 1s -1lh

total 28K
“TW-TW-F -~
drwxrwxr-x
drwxrwxr - x
“TW-TW-F -~
~TW-TW-F--
drwxrwxr - x
drwxrwxr-x

winterschool@winterschool-VirtualBox:~/winterschool/cCeS |

FORN NI

1
3
3
1
1
2

P

winterschool
winterschool
winterschool
winterschool
winterschool
winterschool
winterschool

m Aa

winterschool@wi...

winterschool
winterschool
winterschool
winterschool
winterschool
winterschool
winterschool

winterschool@wi...

3.7K
4.0K
4.0K

375
2.5K
4.0K
4.0K

®» © [~

Apr 26
4 20:40

BED
Jan
BED
BED
Jan
BED

wg

2016

23:50
20:56
20:57
00:14
22:45

winterschool@wi... winte

Ce.struct
LDA_SB_sol
LDA_sol
README_LDA
README_LDA_SB
scripts
solutions

1y <)) 10:20PM %

winterschool@wi...

B - oo 3G 3 rightcal

A 8w oz d) b H

winterschool@wi...

T4 10:20
20171/8

-




Hands-on Session: a-Ce

Perform a LDA+spin orbit calculation with vxc=5(LDA),
numk 5000, rkmax=9.

Copy the converged LDA folder to LDA+SB and
perform a LDA+SB calculation.

Plot density of state(using plot_dos.py in ./scripts).
Plot multiplet histogram(using
multiplets_analysis_soc.py in ./scripts).

Perform one shot calculation for band structure with
fcc k-path.

Plot band structure(using plot_bands.py in ./scripts ).

Please refer to the README files or
http://vkent.public.iastate.edu/cygutz/tutorials.ht
ml#ce-with-spin-orbit-interaction for details



http://ykent.public.iastate.edu/cygutz/tutorials.html#ce-with-spin-orbit-interaction

Hands-on Session:

Folder structure:

winterschool@winterschool-VirtualBox: ~/winterschool/Fe

<SS Oonm

‘ m

Y

winterschool@wi.

total 28K
STW-TW-F -~
drwxrwxr-x
drwxrwxr-x
STW-TW-F -~
“TW-TW-T -~
drwxrwxr-x
drwxrwxr - x

winterschool@winterschool-VirtualBox:~/winterschool/Fe$ [J

1
3
3
1
1
2

2

winterschool
winterschool
winterschool
winterschool
winterschool
winterschool
winterschool

x | winterschool@wi...
winterschool@winterschool-VirtualBox:~/winterschool/Fe$ 1s -1h

winterschool
winterschool
winterschool
winterschool
winterschool
winterschool
winterschool

winterschool@wi...

3.7K
4.0K
4.0K

265
2.2K
4.0K
4.0K

Apr 26
BED
Jan
Jan
BED
Jan
Jan

2016

3 23:03

11:33
22:36
20:57
04:55
22:52

winterschool@wi...

Fe.struct
LDA_SB_sol
LDA_sol
README_LDA
README_LDA_SB
scripts
solutions

winterschool@wi..

winterschool@wi... wintersc

2
A~ Rwm gz Q)P

13 <) 8:06P

T+F 08:06
2017/1/8

M 3F

= & 0=l 3 G # rightcol

(I




Hands-on Session: ¢

Perform a LDA calculation with vxc=5(LDA), numk
5000, rkmax=8.

Copy the converged LDA folder to LDA+SB and
perform a spin ploarized LDA+SB calculation.

Plot density of state(using plot_dos.py in ./scripts).
Perform one shot calculation for band structure with
bce k-path.

Plot band structure(using plot_bands.py in ./scripts).

Please refer to the README files or
http://ykent.public.iastate.edu/cygutz/tutorials.ht
ml#ferromagnetic-calculation-for-fe for details



http://ykent.public.iastate.edu/cygutz/tutorials.html#ferromagnetic-calculation-for-fe

Hands-on Session: (optional)

» Change the RMT in Ce.struct to 2.3.

» Create structure files for different volume using
gen_struct_folders.py in
S{WIEN_GUTZ_ROOT}/tools/WIEN2k/.

» Perform LDA+SB for each volume.

> Plot EV curve using analysis_total_energy.py in
S{WIEN_GUTZ_ROOT}/tools/Gutzwiller/.

v-a Isostructural Transition in Cerium, N. Lanata et. al
http://journals.aps.org/prl/abstract/10.1103/PhysR
evlLett.111.196801



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.196801

Extract important quantities

Total energy: grep :ENE case.scf.

Quasiaprticle weight: grep -A 26 daggerR GUTZ.LOG.
Magnetic moment: grep MOMENT GUTZ.LOG.
Quasiparticle occupancy: grep —A 26 NKS-UNSYM
GUTZ.LOG

Physical occupancy: grep -A 26 NCP_RENORM
GUTZ.LOG.

» Check convergence: grep :ENE case.dayfile

» Check CyGutz convergence: grep MAXERR GUTZ.LOG.

VV VYV

A\

NOTE: One can grep either GL_LOG.OUT or GUTZ.LOG for
CyGutz information.



Hands-on Session: a-Ce

Eigen-values of the local many-body density matrix

35

Density of States with f-component

30+
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a [=] ]
T T T
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o
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|
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ll2
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13

14 15

Band structure with f-character
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I
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o-Fe

Hands-on Session

Band structure with Fe—3d character

10

Density of States with Fe—3d-component

(*n’y/s=1e35) SOa

E (eV)



Gutzwiller
approximation




Variational Ansatz

The variational wavefunction
W) =PlVo) = || PrilWo)

o |Wy): Slater determinant (hybridizin’g bands)

@ Pr;: Local operator that modifies the weights of the local electronic
configurations

Pri=»  Aira [T:R, i) (n: R,
I'n
Local Fock configurations:

n ny
(ckn) -+ (ckar) 10

4 n'l' + ni,, i, 0 - 0
(fRfl) (R;M) ‘0> (@’OfRff Rib WO> = niab:oab ﬂibb)

R, i)

n: R, i)



Calculations considerably simplified by the following assumptions:

Gutzwiller Approximation:

‘W) can be dealt only numerically unless in
the limit of co-coordination lattices

(as in DMFT)

Gutzwiller constraints:

(Wo| Pri Prs

W)

<q;0 ’ 7)1];5 PR:‘ f liiaf Rib

W)

(Wo

(Wo

Uy) = 1

fliiafRib Vo) (Va,b)

(“slightly” reduce variational freedom)

Considerable simplification of the calculations



Meaning Gutzwiller constraints:

Gutzwiller constraints:

(Wol P}L Pri[Wo) = (Wo[Wp) =1
<\I}0‘ pl;: pr fliiwfbe ‘\PO> — <\I}0‘fliiufRib ‘\IIO> (\V/(Z? b)

Key consequence:

(Wol P Pri friafria [%0) = (Wol Phi Pri 1Wo) (Wol fitiafiia [Wo)
+ <\I]O‘ {PIL PR,} (f}i;( Rr’u) ‘\I]0>2—legscontracted

f T _ R
<\DO‘ {PRE PR:’ (’R"jr_ix-:(’R’jck ‘\I’O>2—legs contracted — 0 \V/R L R 5]



Simplification expectation values: step 1

Local operators:
<q]G‘ @Rf -C}L{mz CRIQ} ‘\DG> = <\p0‘ PJ[ @Rf‘ [CIUQ:? CR.F.'C.PJ P ‘\I]0>

= (W H pR’ Preis 7’13,- éRf[C}L{;m CRio| Pri |%o0)
R’.i"#R,i

= (Vo PR:' OR:‘ [CR;@;? CRia PR! W)

_|_<q10‘ H 7DR" ’PR" /! (Plzz @Rf [C}L{ia? CREQ} PRE) ‘q[()>2-1egs
R/ :’#R;’ 1

+(Wo H pR”pR” (PIT{E @RE[CIUMCR;Q}PR:) W0)(N > 4)-legs
R! !#Rf ;




Simplification expectation values: step 1

Local operators:

(Wo| Pt Orilchin: Crinl P 1W0) = | (Wo| Pl Orilchin: Crin) Pri 1Wo0)

Inter-site single-particle quadratic operators:

(V| P C;[m Crijs P [Wo)

= (Wo| [P ki Pril [Prvi Criis Proi] [P0)

i3

where PR;‘ — Zrn )\EIH ’F, R? l> <I”l, R? l’



Simplification expectation values: step 2

Inter-site single-particle density matrix operators:

(Wo| PP o Crizs P [Wo) = <\vow>£,.ca,—u>&.-] mif.cw Proi] [W0)
= (Wo| [P chia Pril [Pl i Preil [W0) 1-1ee

Z(q’o\ ([ iJac me) ([ .f}bg fRIﬂ)) Vo)

ab

Original ladder operators effectively transform as
C;[{f(_y — Z [R*:Ltoz fliia
under the action of the Gutzwiller projector, where:
[R’.Lta = | (Vo PIT{; [C;r{:'a PrifRia Wo) ||/ <\I]0‘flifchfa Wo)
Pri = » Nira|DiR)(mR, i

I'n




Important |V )-averages of local operators expressed as traces: step 1

(Wo| PL Pe; [Wo) | = Tr _P?)\f)\f} |

(Wo| 7)1;; Pri flithfb Wo)| = Tr P?)\j)\f FLF } - <\110|fRT;}.fbe (W) = ”-grb Oub

ia~ ib
(W0l Py i P i [90) | = Te[PONT LA F)
(| Pl Oni Py [W0) | = Tr[PIAT O, |
PR[ = Z )\i,rii‘ ‘FR*O(’TR*!‘

I'n

1y nag . 1y ny
[C}Lm] . [CJ‘:’EM] 0); R i) = [ffjfl}' a [fgnw} 0)
<IIJO‘ \n’,RE)(n,Ri\ ‘IDO> 5;.'”"

T3 R, )

e
nn

Fip],» = (I',Ri| Crib | T, Ri) = {(n,Ri \fR{.{) | n’, Ri)
Olrrr = (I', Ri | @R:‘ [T, Ri)



Important | )-averages of local operators expressed as traces: step 2

<\P0|P1L Pri [Wo) | = Tr -d);‘ d)” =1

<‘1}0| 77115 PR;‘ fliafbe ‘110} = Tr @M) FI; ;b} <\P0|fRafR;b |\Ij0> = nmb Oub

<\I}0| 7)1;; Cszfa- PR;‘ fRiu |\IJO> / <\I’0|fliffme |\IJO>

— Tr d)T F‘t,-l-oé d) fu} / mu (1 o n:‘u(f)

Ril o

(Wo| P, Oy Py |Wo) | = Tr, ! 0]

Pri = > Aira [TiR i) (n: R,
I'n

[P?} = (Wo| |0, RiY(n, Ri| | W) 6,

Fiv),w = (U,Ri|cp, | T, Ri)y = (n,Ri|fy, |n", Ri)
O]/ = (T,Ri|Og;|T’,Ri)

Qi | = )\f\/PTQ




Initialization UOZ:

LDA + RISB MOLt



[thlee@zakynthos U02]$ python S{WIEN_GUTZ ROOT]EtoolsfGutzwlllerhnlt mott.py




Initialization UO

g e Impurlty @ **********

I Sigma structure:

index 0 1 2 3 4 5 6 7 8 9 10 11
' 0 1 P o] 0 0] 0 0] 0 (0] 0] 0 0]
' 1 3 4 [C] 0 (0] 0 0 (C] 0 C] 0 (0]
: 2 0 0 1 2 o] 0 0] 0 0 6] 0 o]
| 3 ¢] 4] 3 4 0] 0 0] ¢] 4] 0] 4] 0]
' 4 (5] 0 (5] 0 5 6 0 (5] 0 0 0 0
5 0 0 ¢} 0 7 8 0] 0 0 0] 0 0]
6 (5] 0 (5] 0 0 6] 5 6 0 0 0 0
7 0 (0] o] 0 0] 0 7 8 (0] 0] 0 0]
8 0 4] ¢} 0 0] 0 0] 0 5 6 0 0]
9 5] 0 5] 0 0 0 0] 5] 7 8 0 0
10 ¢] 4] 6] 4] 0] 0 0] ¢] 4] 0] 5 6
[ 11 (5] 0 (5] 0 0 0 0 (5] 0 0 7 8
[ 12 0 0 ¢} 0 0] 0 0] 0 0 0] 0 0]
| 13 (6] 0 (6] 0 0 (6] 6] (6] 0 0 0 0
| Please provide the indices of orbitals to be Mott localized
' (e.g., 8 2 ): 4 6 8 10]

[ury
Pl

=Y e - T T - - O R - - R - - i <}

[y
w

v oooooooo o000



Initialization UO

[thlee@zakynthos U02]$ python S{WIEN_GUTZ ROOT}ftoolstutzwlllerflnlt mott.py

**t******* Impurlty B kkkkkkkhkk

| Sigma structure:

|1ndex 0 1 2 3 4 = 6 7 8 9 10 11 12 13
| [¢] al 2 0 0 [¢] 0 0 0 (C] 0 0 [¢] 0 0
| 1 3 4 0 0 6] 0 0 0 (6] 0 0 6] 0 (i
| 2 (0] (C] 1 2 (C] (0] 0 (0] (C] (0] 0 (C] (0] (0]
| 3 0 (6] = 4 6] 0 0 0 (6] 0 0 6] 0 (i
| 4 (0] (C] (0] 0 5 6 0 (0] (C] (0] 0 (C] (0] (0]
5 0 (6] 0 0 T 8 0 0 (6] 0 0 6] 0 (i
6 (0] (C] (0] 0 (C] (0] 5 6 (C] (0] 0 (C] (0] (0]
T 0 (6] 0 0 e 0 i 8 (6] 0 0 e 0 (i
8 (0] (C] 0 (0] (C] 0 0 (0] = 6 (0] (C] 0 (0]
9 0 (6] 0 0 e 0 0 0 T 8 0 e 0 (i
10 (0] (C] 0 (0] (C] 0 0 (0] (C] 0 5 6 0 (0]
| il 0 (6] 0 0 e 0 0 0 (6] 0 T 8 0 (i
12 (0] (C] 0 (0] (C] 0 0 (0] (C] 0 (0] (C] 9 (0]
13 0 (6] 0 0 e 0 0 0 (6] 0 0 e 0 9

Please provide the indices of orbitals to be Mott localized
(e.g., ® 2 ): 46 8 10
You selected [4 6 8 18] to be Mott localized, right? (y/n):vl]




Initialization UO

henha enhans-Satellite-C55-C: ~ > thle akynthos:~fcygutz/UO2/LDA_SB... » | thl

|[thlee@zakynthos U02]$ pythen S{WIEN_GUTZ ROOT}/tools/Gutzwiller/init_mott.py

FThkkhkhkkkhkkd Impurity B khkhkkkhkhkkkh

| Sigma structure:

index (C] al P 3 4 5 6 T 8 9 10 11 12 13
' ] 1 2 0 0 0 6] (i (6] 0 0 ] 0 6] (i
' il 3 4 0 (0] 0 (C] (0] (C] (0] 0 0] 0 (C] (0]
| 2 (G] 0 1 2 0 e (i} (G] 0 0 ] 0 e (i}
| 3 (C] 0] =] 4 (0] e (0] (C] 0] (0] C] 0 e (0]
! 4 (C] 0 (0] (0] =] 6 (0] (C] 0 (0] C] 0 (C] (0]
5 (6] 0 0 0 i 8 (i (6] 0 0 ] 0 e (i

6 (C] (0] 0 (0] 0 C] 5 6 (0] 0 ] 0 C] (0]

7 (G] 0 0 0 0 e 7 8 0 0 0 0 e 0

8 (6] 0 0 0 0 6] (i (6] 5 6 ] 0 6] (i

9 (C] (0] 0 (0] 0 ¢] (0] (C] 7 8 C] 0 ¢] (0]

10 (G] 0 0 0 0 e (i (G] 0 0 5 6 e (i

| 11 (C] 0] (0] 0] (0] e (0] (C] 0] (0] 7 8 e (0]
12 (C] (0] 0 (0] 0 (C] (0] (C] (0] 0 0] 0 9 (0]

(G] 0 0 0 0 e (i} (G] 0 0 ] 0 e 9

Please provide the indices of orbitals to be Mott localized

(e.g., 82 ): 46 8 10

You selected [4 6 8 18] to be Mott localized, right? (y/n):y

Please provide the total number of Mott localized electrons (per unit cell): 2Jj

|
| 13
|




Initialization UO

[thlee@zakynthos U02]$ python S{WIEN_GUTZ ROOT}ftoolstutzwlllerflnlt mott.py

**t******* Impurlty B kkkkkkkhkk

| Sigma structure:

|1ndex 0 1 2 3 4 = 6 7 8 9 10 11 12 13
| [¢] al 2 0 0 [¢] 0 0 0 (C] 0 0 [¢] 0 0
| 1 3 4 0 0 6] 0 0 0 (6] 0 0 6] 0 (i
| 2 (0] (C] 1 2 (C] (0] 0 (0] (C] (0] 0 (C] (0] (0]
| 3 0 (6] = 4 6] 0 0 0 (6] 0 0 6] 0 (i
| 4 (0] (C] (0] 0 5 6 0 (0] (C] (0] 0 (C] (0] (0]
5 0 (6] 0 0 T 8 0 0 (6] 0 0 6] 0 (i
6 (0] (C] (0] 0 (C] (0] 5 6 (C] (0] 0 (C] (0] (0]
T 0 (6] 0 0 e 0 i 8 (6] 0 0 e 0 (i
8 (0] (C] 0 (0] (C] 0 0 (0] = 6 (0] (C] 0 (0]
9 0 (6] 0 0 e 0 0 0 T 8 0 e 0 (i
10 (0] (C] 0 (0] (C] 0 0 (0] (C] 0 5 6 0 (0]
| il 0 (6] 0 0 e 0 0 0 (6] 0 T 8 0 (i
12 (0] (C] 0 (0] (C] 0 0 (0] (C] 0 (0] (C] 9 (0]
13 0 (6] 0 0 e 0 0 0 (6] 0 0 e 0 9

Please provide the indices of orbitals to be Mott localized

(e.g., ® 2 ): 46 8 10

You selected [4 6 8 18] to be Mott localized, right? (y/n):y

Please provide the total number of Mott localized electrons (per unit cell):
Total 2 electrons will be Mott localized, right? (y/n):vl}




Initialization UO

henhans@henhans-Satellite-C55-C: - * lee 3 Jcygutz/UO2/LDA_SB...
' (e.g., 82 ): 46
| You selected [4 6 8 18] to be Mott localized, right? (y/n):y
Please provide the total number of Mott localized electrons (per unit cell): 2
| Total 2 electrons will be Mott localized, right? (y/n):y
' R structure:

[+:2]
[ury
(=]

'index 5] 1 2 3 4 5 6 7 8 9 10 11 12 13
|
| 5] 1 2 5] 4] 0 4] i} 5] 4] 5] 4] 0 4] i}
| 1 3 4 5] 4] &} 4] 6] 5] 4] i} 4] &} 4] 6]
' 2 5] 5] 1 2 5] 3] 5] 5] 5] 5] 4] 5] 3] 5]
| 3 5] 4] 3 4 6] 4] 6] 5] 4] 5] 4] 6] 4] 6]
4 5] 5] 5] 4] 5 3] 5] 5] 5] 5] 4] 5] 3] 5]
5 5] 4] 4] 4] 6 T 6] 5] 4] 5] 4] c] 4] 6]
6 5] 4] 5] 4] a] 4] 5 5] 4] c] 4] a] 4] 6]
i 5] 4] 5] 4] 5] 4] 6 i 4] 5] 4] 5] 4] 5]
8 5] 4] 5] 4] &} 4] 6] 5] 5 i} 4] &} 4] 6]
| 9 5] 5] 5] 4] 5] 3] 5] 5] 6 T 4] 5] 3] 5]
| 18 5] 4] 4] 4] 6] 4] 6] 5] 4] 5] 5 6] 4] 6]
| 11 5] 5] 5] 4] 5] 5] 5] 5] 5] 5] 6 7 5] 5]
[ 12 5] 4] 4] 4] c] 4] 6] 5] 4] 5] 4] c] 8 6]
| 13 5] 4] 5] 4] a] 4] 6] 5] 4] c] 4] a] 4] 8
Lambda structure:
index 5] 1 2 3 4 5 6 7 8 9 16 11 12 13
5] 1 2 4] 4] 6] 4] 6] 5] 4] 5] 4] 6] 4] 6]
' 1 3 4 5] 4] 5] 5] 5] 5] 5] 5] 4] 5] 5] 5]
2 5] 4] 1 2 0 4] i} 5] 4] 5] 4] 0 4] i}
3 5] 4] 3 4 a] 4] 6] 5] 4] c] 4] a] 4] 6]
4 5] 4] 5] 4] 5 4] 5] 5] 4] 5] 4] 5] 4] 5]
5 5] 4] 5] 4] 6] 6 6] 5] 4] 5] 4] 6] 4] 6]
6 5] 5] 5] 4] 5] 3] 5 5] 5] 5] 4] 5] 3] 5]
T 5] 4] 4] 4] 6] 4] 6] 6 4] 5] 4] 6] 4] 6]
8 5] 5] 5] 4] 5] 5] 5] 5] 5 5] 4] 5] 5] 5]
9 5] 4] 5] 4] 0 4] i} 5] 4] 6 4] 0 4] i}
pic] 5] 4] 5] 4] &} 4] 6] 5] 4] i} 5 &} 4] 6]
11 5] 4] 5] 4] 5] 4] 5] 5] 4] 5] 4] 6 4] 5]
12 5] 4] 5] 4] 6] 4] 6] 5] 4] 5] 4] 6] 7 6]
13 5] 5] 5] 4] 5] 3] 5] 5] 5] 5] 4] 5] 3] T

[thlee@zakynthos U02]$ python S{WIEN_GUTZ_ROOT}/ga_run_dmft.pyl]




Initialization UO5: A

LDA + RISB Mott (DOS Band




Initialization UO, : LDA + RISB Mott (_) OS BanGiSHUIGCHINE)

henhans@henhans-Satel... * henhans@henhans-Satel..

henhans@henhans Satellite-C55-C: fcygutzfuoszDA SB_Mott_k2000 /U025 S{NIEN GUTZ ROOT}ftoolsfﬁutzwlllerfsave lapwg -a -d UDO2_SCF




Uo2.nmat_only -= Ce_SCF/U02.nmat_only

Uo2.vsp -= Ce_SCF/U02.vsp

Uo2.vspup -=> Ce_SCF/U02.vspup

| Uo2.vspdn -> Ce_SCF/U02.vspdn

' Uo2.r2v -= Ce_SCF/U02.r2v
Uo2.r2vdn -> Ce_SCF/U02.r2vdn

' params.dat -> Ce_SCF/params.dat

| EFLDA.INP -> Ce_SCF/EFLDA.INP

| EFLDA.OUT -> Ce_SCF/EFLDA.OUT

. WH_HS.INP -> Ce_SCF/WH_HS.INP
WH_HS_L.INP -> Ce SCF/WH_HS_L.INP
WH_HS_R.INP -> Ce SCF/WH_HS_R.INP
WH_N2N.INP -> Ce_SCF/WH_N2N.INP
WH_RLNEF.INP -> Ce_SCF/WH_RLNEF.INP
WH_SIGMA_STRUCT.INP -> Ce SCF/WH_SIGMA_ STRUCT.INP
WH_SIGMA_STRUCT_L.INP -> Ce_SCF/WH_SIGMA_STRUCT_L.INP

. WH_SIGMA_STRUCT R.INP -> Ce SCF/WH_SIGMA STRUCT_R.INP

WH_SL_VEC.INP -> Ce SCF/WH_SL_VEC.INP

WH_EL®.OUT -> Ce_ SCF/WH_EL®.0UT

WH_RLNEF.OUT -> Ce_SCF/WH_RLNEF.OUT

GL.INP -> Ce_SCF/GL.INP

GL_NELF1.INP -> Ce SCF/GL_NELF1.INP

GMPI_@.INP -> Ce_SCF/GMPI_@.INP

GUTZ1.INP -=> Ce_SCF/GUTZ1.INP

GUTZ2.INP -> Ce_SCF/GUTZ2.INP

GUTZ3.INP -> Ce_SCF/GUTZ3.INP

GUTZ4.INP -> Ce_SCF/GUTZ4.INP

GUTZ5.INP -> Ce_SCF/GUTZ5.INP

GL_LOG.OUT -> Ce_SCF/GL_LOG.QUT

GL_NELF1.0UT -> Ce_SCF/GL_NELF1.0UT

GLPJC_1.0UT -> Ce SCF/GLPJC_1.0UT

FROZEN.INP -= Ce_SCF/FROZEN.INP

glog.h5 -> Ce_SCF/glog.hs

init_ga_info.h5 -> Ce_SCF/init_ga_info.h5

broyden files deleted, clm*, dmat*, vorb*, vresp*, eece*, scf, struct and input files saved under Ce_SCF/init_ga_info

henhans@henhans-Satellite-C55-C:~/cygutz/U02/LDA_SB_Mott_k2000/U02$ sed -1 's/.*LSCF.*/LSCF = 2/" GL.INP && sed -i 's/.*LSCF.*/&\nLEL®@
LINP && sed -1 's/.*LSCF.*/&\NLEFERMI = 1/' GL.INP

=1/' GL




uo2.vsp -> Ce_SCF/U02.vsp

Uo2.vspup -= Ce_SCF/UOZ.vspup

Uoz.vspdn -> Ce_SCF/U02.vspdn

uo2.r2v -= Ce_SCFfU02.r2v

Uo2.r2vdn -> Ce_SCF/U02.r2vdn

params.dat -> Ce_SCF/params.dat

EFLDA.INP -> Ce_SCF/EFLDA.INP

EFLDA.OUT -=> Ce_SCF/EFLDA.OUT

WH_HS.INP -> Ce SCF/WH_HS.INP

WH_HS_L.INP -> Ce_SCF/WH_HS_L.INP

WH_HS R.INP -> Ce SCF/WH_HS_R.INP
WH_N2N.INP -> Ce_SCF/WH_N2N.INP
WH_RLNEF.INP -> Ce SCF/WH_RLNEF.INP
WH_SIGMA_STRUCT.INP -> Ce_SCF/WH_SIGMA_STRUCT.INP
WH_SIGMA_STRUCT_L.INP -> Ce_SCF/WH_SIGMA_STRUCT_L.INP
WH_SIGMA_STRUCT R.INP -> Ce SCF/WH_SIGMA_STRUCT R.INP
WH_SL_VEC.INP -> Ce_SCF/WH_SL_VEC.INP
WH_EL®.0UT -> Ce_ SCF/WH_EL®.OUT
WH_RLNEF.OUT -> Ce_SCF/WH_RLNEF.OUT
GL.INP -> Ce_SCF/GL.INP

GL_NELF1.INP -> Ce SCF/GL_NELF1.INP
GMPI_O.INP -> Ce_ SCF/GMPI_O.INP

GUTZ1.INP -> Ce_SCF/GUTZ1.INP

GUTZZ2.INP -> Ce_SCF/GUTZZ.INP

GUTZ3.INP -= Ce_ SCF/GUTZ3.INP

GUTZ4.INP -> Ce_SCF/GUTZ4.INP

GUTZ5.INP -> Ce_SCF/GUTZ5.INP

GL_LOG.OUT -> Ce SCF/GL_LOG.OUT
GL_NELF1.0UT -> Ce SCF/GL_NELF1.0QUT
GLPJC_1.0UT -> Ce SCF/GLPJIC_1.0UT
FROZEN.INP -= Ce_SCF/FROZEN.INP

glog.h5 -> Ce_SCF/glog.h5

init_ga_info.h5 -> Ce_SCF/init_ga_1info.hs5

broyden files deleted, clm*, dmat*, wvorb*, vresp*, eece*, scf, struct and input files saved under Ce_SCF/init_ga_1info

henhans@henhans-Satellite-C55-C:~/cyqutz /U02/LDA_SB_Mott k2000,/U025% sed -1 's/.*LSCF.*/LSCF = 2/' GL.INP && sed -i 's/.*LSCF.*/&\nLEL® = 1/' GL
.INP && sed -1 's/.*LSCF.*/&\nLEFERMI = 1/' GL.INP
henhans@henhans-Satellite-C55-C:~/cygutz/U02/LDA_SB_Mott_ k2000/U025 cp WH_EL®.OUT WH_ELO.INP &% cp EFLDA.OUT EFLDA.INP




Initialization UO, : LDA + RISB Mott (DOS BanGESHTICIINESY

henhansghenhans-Satellite-C55-C:~/cygutz/U02/LDA_SB_Mott_k2000/U02$ cp band_kpts/U02.klist N |
|

henhans@henha... * henhans@henha... * henhans@henha... * henhans@henha... * henhans@henha... * henhans@henha... * henhans@henha... * henhans@henha... *




Initialization UO,, : LDA + RISB Mott (DOS BaiGESHTIGE

E henhans@henha... * henhans@henha... * enha enha... * henha
henhans@henhans Satellite-C55-C:~/cygutz/U02/LDA_SB_Mott_k2000/U025 cp band_kptsjuoz.klist .
henhans@henhans Satellite-C55-C:~/cygutz/U02/LDA SB_ Mott_k2000/U02% S{WIEN_GUTZ_ROOT}/ga_run_dmft.py -s lapwl -e CyGutz




