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1. Introduction
to strong
correlation




con Electronic structure: Bloch states= uy (1) e’
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Localization of 3d, 4f and 5 f orbitals.

¢(r) | —
T

L I ] 1k ~ —f
051 =3 osf ]
Oﬁ%lr OFN_ " Ceqanr

O\ Mo Y

I T T ] iF T ]
0.5} — b ]
o\ Ta(5d)| O Th (5
L L | L 1 L 1 1 |
0 0.5 1 1.5 0 1 2
r(A) t(A)

3d and 4f orbitals are more localized.
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Bandwidth and strong correlations

@ Localized orbitals = two consequences:

Isolated Solid band
atom ;Stoan
8/ d band

[ tpand

Density of states

Energy
R

Ee

T
Bandwidth

Energy bandwidth (eV)

Lo Interatomic distance, a 2

e overlap is weak: energy bands are
e Strong between electrons inside these
orbitals.
= The ratio of U and W, governs the importance of
correlations.
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Lanthanides and Actinides in the periodic table

4d element: filling of the 4d band
(Bonding states and antibonding):
4d electrons are delocalized.

Lanthanides:
‘ 4f electrons are localized ‘

negligible overlap between 4f
orbitals .

Actinide: ” intermediate case H of
localization.

At atmospheric pressure:
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[Mac Mahan, et al J. Comp.-Aid. Mater. Des. 5, 131 (1998)]
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coz Isostructural transition in Cerium
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Isostructural transition V”V; = 15%, ends at a critical point
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[Johansson, B. Phil. Mag. 30, 469 (1974)]
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55 lsostructural transition in Cerium

Isostructural transition 2= = 15%, ends at a critical point
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= « phase: f e”more delocalized.

Temperature(K)
2
[=}

@ ~+ phase: Curie Paramagnetism
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= v phase: f e~ is localized
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[Johansson, B. Phil. Mag. 30, 469 (1974)]
Only the o phase is described by DFT/LDA/GGA.
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Ce2 Cerium: experimental spectra and LDA

Experiment (Wuilloud et al 1983, Wieliczka et al 1984)
T

3 0 5 10 -5

) oEeV) o (eV)
Experimental photoemission spectra. LDA density of states.

@ Peak at the Fermi level only in the a phase.
~ and « phase: high energy bands (-2 eV and 5 eV).

@ bands at high energy not described in LDA.
@ peak at the Fermi level not correct in LDA
@ FEyp—14a(V): v phase not stable
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Non magnetic GGA underestimates volume for late actinides

32 . Experimlent o I '
L = GGA (NM) ]
g 28+ .
(4] I ) i
€ 241 .
g | ; -
20 .

16 1 1 1111 1

U N ayes  Am Cm
P Pu

GGA: Cohesion is overestimated, not enough correlation
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GGA-AFM improves volumes

32 . Experimlent o I '
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GGA-AFM: good description of volumes but magnetism is wrong

GGA(AFM) G. Robert, A. Pasturel, and B. Siberchicot et al Journal of Phys: Cond. Matter 15 8377 (2003), A.
Kutepov and S. Kutepova J. Magn. Magn. Mater. 272, E329 (2004)

GGA+OP P. Séderlind and B. Sadigh Phys. Rev. Lett. 92, 185702 (2004), P. S6derlind a/ MRS Bull. 35, 883 (2010)
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Photoemission spectra of d elements.

T T T T T T T T

COh erent Quasiparticle peak

hv =60eV

d'—d'

Intensity (arb.units)

Upper Hubbard band (~2.5¢V)
Lower Hubbard band (~-1.8¢V)

3 2 1 0 -1 From Morikawa et al (1995)
Binding Energy (eV)

Sekiyama 1992
= YTiOs3 insulator: metal in LDA.

= SrVOs; is a metal: metal in LDA, but without the peak at -1.8eV.
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Oversimplified...4d and 5d elements exhibits non negligeable strong correlation effects
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CQa Towards more explicit local correlation

The exact hamiltonien is:

N
1_, 1 1
H= -5 i ex 7 o I —
Z[ 5 Ve, Ve (ri)] + 5 Z T
=1 1#£]
It can be exactly rewritten in second quantization as:

H=> (ilhlj)cle; + > (ijlv[kl)clclere (1)
2]

i,,k,1

If interactions are purely local (and with only one (correlated) orbital per
atom), one can write the Hubbard model

H = E tR,R’ CI:{CR’ + E (/‘WLRTTALR\L
R,R/ R
one electron term : delocalization ~ interaction term : localization

Competition between delocalization and localization
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The Hubbard model: Competition between localization and delocalization

Jo

Z tr R’CRCR’ + Z UnRTnRi

R,R/
one electron term : delocalization interaction term : localization
Interaction U
o
X
fo Lo S
~_ v
Jo Jo To Jo Jo
Jo To Jo o To

@ For large value of the interaction U, electrons are localized
@ For low value of the interaction U, electrons are delocalized
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2. The DFT+U
method




“"_ DFT and DFT + U/DMFT

@ Hamiltonian to solve (i represents an electron)

H = Z_*W 4 Vit (15)] Z‘rir’
i J

=1

@ DFT solution
= Z ‘rY — r]‘ ; VHa—i—Xc(ri)
@ Better: Keep local interaction between correlated localized

orbitals. . . .
22T =y = 2 2 Vtifs
i#] i#]
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= Explicit description of correlations

@ We need to solve:

H=> STtf™chcn; %Z Uspriir i s

R,R’ i,j R, f#f’

one electron term (Ida) many body term : interactions

@ Static mean field approximation: (AB) = (A)(B)
@ Fluctuations ((A — (A))(B — (B))) are neglected
@ The energy thus writes:

annf annf/

£ f ff'
with ny = <’Iff>

Anisimov, Zaanen, and Andersen, PRB 44 943 (1991)
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= Strong local correlations: Introduction

@ Hamiltonian to solve (i: électrons ):

N
I IR S M4t !
H=3 = Vi +Veul+ 53 e
1=1 i#] :
@ Strong correlation in Localized orbitals (f, d)
@ Other orbitals: DFT(LDA/GGA) could be tried..

U A
HL])A+IV[&r1yb0dy = one electron term (DFT/LDA) + 5 Z nin;
7]
———
N(N-1) U
Eipayu = FEupa—-U B + B Z;ﬁ:nm,
1F]

— ABINIT School 2017 —



cza The LDA+U Method

Replace operators by their mean value (static approximation)

E= Eone body term +U § UnRTnRi
R
In a DFT context:

(N -1)

N 1
E = Erpa—U 5

U
+5 J;/ ngng = V = VLDA—U(nf — 5)

° nf:O,VZVLDA-l-Q

o nf=1,V=VLDA—§

= A gap is opened among correlated orbitals.

= Oxides: Ulcrystal field = Mott-Hubbard/Charge-transfer
insulator.

= U is, in the atomic limit the energy which is necessary to
promote one electron from a correlated orbital to another.
U=E(N+1)+E(N-1)-2E(N)=I-A.
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ce_a The LDA+U method

@ Atom (integer nb
ofe” )=The
LDA+U correction
disappears.

= Self-interaction
correction.

= Discontinuity of
the exchange and
correlation
potential.

From Cococcioni et al PRB 71
(2005)

see also Solovyev et al PRB 50

16861 (1994)
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What is not yet defined: orbital and interaction

1 A A
_ Z ‘r7 _ r]‘ = 5 Z(Jjjninj

7]

@ The localized f orbital: What is its radial part ? =
important but not discussed here.

@ What is the value of effective Coulomb interaction U
between these [ orbitals ?
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The PAW method: Expression of a Kohn Sham function of Cls.

Vi) = Vi) + leﬂﬁz\‘l’kﬁ* Zl@ﬂﬂh"ku)

On plane waves

On a local radial grid

Bléchl PRB 1994

RS

[Developed in ABINIT by the CEA group]
[M. Torrent, F. Jollet, F. Bottin, G. Zérah, X. Gonze Comp. Mat. Science 42 (2), 337-351 (2008)]
A grid devoted to local properties : well adapted to correlated systems and to
compute:
@ DFT+U density matrix.

@ Projected Wannier orbitals.
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DFT: The PAW method

A Kohn-Sham function can be written:

W) = k) +Z l0i) (i | W) — Z ENGANDS)

On plane waves

On a local radial grid

@ ¢;: atomic wavefunction o

@ {;: pseudo atomic \ ™ r
wavefunction - -1 1 2
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<= Double counting corrections

Double counting corrections: Atomic limit (or Full localized limit)
[Lichtenstein(1995), Anisimov (1991)]:

U J

5 = ST(SN(N = 1) = 30 SNT(NT — 1))

t o
Around mean field version [Czyzyk(1994)] (delocalized limit):

21
20+1

1
B = SN, + 50V )

t

U —=J)

(Made to correct the delocalized limit.)

— ABINIT School 2017 —



Charge transfert insulators and Mott Hubbard insul

_&F
Fermi level

ABrous — 5
I K//
@
o
o
2
! l

—
A=IEy Spl interaction U U
D charge gap
\ p-band
(a) Mott-Hubbard Insulator
charge gap
d-band
________ €
Fermi level

Mott insulators: Gap excita-
> ey v tions are d-d (or f-f)
\ ie between Hubbard bands.
proand Charge Transfert insulators:
(b) Charge Transfer Insulator Gap excitations are Op-d (Or
Op'f) — ABINIT School 2017 —
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Main effects of Mean Field approximation (DFT+U)

LDA LDA+U
2 : ©
70
| S Fe d stat najority in) U 5f states U 5f states
ol e el G . | WU .
< 50 - — Fe s states
%j: O pstates 3 o il 7S M«-M Ad
g 3‘0 » E 2 U 6d states U 6d states 2
Bl i Nu '™ iy
::; ;S SO Y W W "
i ; 3} 02pstates 02p states i
%000 50 00 50 T 2 M
Energy (eV) g 1 :
70 a0 Al At N
6o LDA+U total DOS N total DOS "% “
N 20 -
i T e bl ] 8
i 40 15 -10 -5 o 5 10 -15 -10 -5 5 10
£ 3 E-E.(eV) E-E, (eV)
§ 24 2 . i i
UO, (f*): antiferromagnetic, insula-
0. P
——— * tor
A H =2.1eV
FeO (df): insulator in GaPexp=21¢
LDA+U electrons localization:  volume increases in
LDA+U

Cococcioniet al PRB 71 2005
Dudarev et al Micron 31 2000 — ABINIT School 2017 —



~ cerium (paramagnetic)

@ Spectral functions: basic features are reproduced.

(LDA)
' Experiment (Wailloud ct al 1983, Wicliczka ct al 1984) Theory (LDA+U)
5 j/) é 10 -5 0 5 10 -5 0 5 10
(€eV) o (eV)  (eV)
@ Structural data
epilon, epuon induces 2
weakening of onaing. alat(au)  9.76 9.83/9.54 854
(1) Shick, Pickett, Lichtenstein 2000, Bo (GPa) 19 29.6/34 55

Amadon, Jollet, Torrent PRB 2008.

@ But: The a phase is not correctly described, magnetism is incorrect
(except for the 3 phase), no transitions.
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Rotationally invariant LDA+U [Lichtenstein et al (1995)]

We start from the Hartree Fock result

Eprp = Z ha,a + = Z aa, bb) — (ab, ba)

a,occ

The interaction part corresponds to, taklng into account the spin:

interaction 1 o o' 1 “ o’
5 30 M | R HC AT R AL A

a,b 0,0’

_ 5(,,0,/@5@)\1/3@')”?% r

or

E;\Imtermctlon _ Z Z |: (rba/ Iv‘aoba/> _ 60’,0" <aoba‘v|baaa>j|

a,b 0,0’

Then, we keep only the terms in |a) in the correlated subsets of orbitals.
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Rotationnaly invariant LDA+U [Lichtenstein et al (1

la) = Z (mla)|m) + ...terms neglected

m,L=lcor
and show that (blackboard or exercice):
. . 1 ’
teract
EESSE = 5 > Y [mmalVimama)ng, monfim,

mi,mga,m3,my o,0’
50,0’ <m1m2 ‘ V|7’TL37’TL4>7’L7,L3 Jngn(rrrm,ml]
it can be rewritten as:
interaction 1 o —0o o o
EISRIE™ = 5 D0 [12VIB4niang T + (12(V[34) — (121V]43))n] 2n3 1]

1,2,3,4,0
with
My = _(mala) falalma) =D (m1]Po) foac(Woac|ms)

a v,k
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Calculation of (mymgs|V |maomy)

One uses 1o =372, Y0 55t H] W (01, ¢1)Y" (02, ¢2) and after

some manipulations: <m1m3|Vee\m2m4) contains an angular and a radial
part.

+k
F
<m1m3|‘/ee‘m2m/l>:47r Z 2/€<kk1 Z <m1|m\m2><m3|m\m4>

k=0,2,4,6 m=—k

U ! >« Vel ) = F, lomb t

= — mima|Vee|mima) = m rm
(r1p o e T
1 F, + F.
J = SIS 1) Z (mama|Vee|mama) = 21+4  exchange term

myF#mag
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ABINIT keywords for DFT+U

# == LDA+U
usepawu 1 # activate DFT+U
lpawvu 2 -1 # apply DFT+U for d orbitals for the first species o
upawu 8.0 0.0 # Value of U
jpawu 1.0 0.0 # Value of J
usedmatpu 10 # Number of steps to impose a density matrix
dmatpawu
1.0 0.0 0.0 0.0 0.0 # up density matrix
0.0 1.0 0.0 0.0 0.0 # up density matrix
0.0 0.0 1.0 0.0 0.0 # up density matrix
0.0 0.0 0.0 1.0 0.0  # up density matrix
0.0 0.0 0.0 0.0 1.0 # up density matrix
1.0 0.0 0.0 0.0 0.0 # dn density matrix
0.0 1.0 0.0 0.0 0.0 # dn density matrix
0.0 0.0 0.0 0.0 0.0 # dn density matrix
0.0 0.0 0.0 1.0 0.0 # dn density matrix
0.0 0.0 0.0 0.0 0.0 # dn density matrix — ABINIT School 2017 —



_ Metastables states in DFT+U

On the board...
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