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The Local Correlation Problem

e Density functional theory: In practice LDA, GGA.
* Fails to describe strong correlations.
* Excited states are not correctly described (ex: Gap in oxydes).

* Even ground states property can be wrong (ex: Ce, Pu)

* Need for an explicit description of correlations.
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Explicit description of Correlation

cen Hamiltonian to solve (Generalized Hubbard model):

mm
H=Y > (hulze = "o re)ChmCrm + 5 S > Uspnirmi g

m,m’ R,R’ T R pAF

1 electron term (1da-DC term) N electrons term: interactions

Mean field approximation:
1
E = ELDA — EDC —+ § ;Unmj
)

1
V:VLDA+U(nz_§)

Not rotationnaly invariant !!
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Rotationaly invariant LDA+U (Lichtenstein et al (1995))

Energy can be computed directly

Erpatu|nipatu] = Eupa|nipatu] + Fee — Fae
Fee = —Z Un{nz? + (U — J)d13n{ng]
Fe = 5 30 [(030Vel20)nT 0n5 7 + ((131Vecl2) — (13[Veel42))0] 05,
1,2,3,4
(13|Ve|24) contains an angular and a radial part.
[
(13|V,e|24) = 47rk 022:46 S m;k<m1|m|m2><m3|m|m4>
U,J = F;.

How to define nf , ?
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LDA+U in the PAW framework 1/3

C@J ct also Bengone et al (2000)
Preceding formulas are for a given 1.
Occupation matrix n:

E : k
nvan,m’ — fn ,0<
k,n

and Pm,m’ = ‘Xm><Xm"-

TL,,Jn’m/ — Z ,0;']<¢nz, , : ><Xm’,l‘¢nj,m,l> — Z p%Om,nj

Mg ,1 5 Mg,

)= 3 TR | Py | U

k,n

Xm.: an atomic orbital (computed inside sphere). For Cerium,

(x|x) =~ 0.96
Other choices for C),,,,, exists (in practice similar results).
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LDA+U in the PAW framework 2/3

1=l Li=1:=l
dEU U dnm.m.a dpa J " N
H° = A Y= E ) DY
Z dnmZ 9 dpq;ja dp° — ‘p > " <p]‘
N o Ny 7/7.]

-
VLDA—l—U Chymn;  |Pi) (D5l
"

So that: DI} = VIDAUC

m;m;

This new D,; is simply added to others in pawdi | . FOO0
Hellman Feynman = no modifications for forces and stress in

LDA+U (only through the electronic density).
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LDA+U in the PAW framework 3/3

cen Calculation of energy. Direct way:

FErpatunipatu] = Erpanipatv] + Fe—e — Fye (1)

Double counting way (be careful: double counting (DC) way of
calculating energy in DFT and double counting (dc) correction in
LDA+U are two different things):

KS DC DC
Erpatru = E €7+ Epa + Ey
p

With
EGC = Bee — Eic = ) (V)

o

VS contains a LDA+U double counting term.

Ep® = —Ee — EN°
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LDA+U : double counting corrections

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

B = Z(U N(N JZ ~N?(N° — 1))
t
Around mean field version [Czyzyk(1994)] (delocalized limit):
EMT = (UN/N| + 1(N2 + NH)—— 2! (U =)
o T g4

t

(not extensively tested: calculations are scarced in AMF)
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Tests of physical systems I:NiO

NiO is an antiferromagnetic insulator correctly described in LDA
__ but the gap 1s too small. Results are in accordance to other existing
calculations.
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Tests of physical systems Il:Cerium

e Cerium ~v: a paramagnetic correlated system. Spectral functions

Cerium fcc LDA+U U=6.1eV J=0.7eV
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We have also compared with another PAW/LDA+U code; very good
agreement on spectra and lattice parameter (less 0.2%)
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New variables (see list of variables)

C@CJ usepawu: 1 or 2 in LDA+U (for FLL and AMF double counting

terms).
| pawu: value of 1 on which to apply LDA+U (for each type).

upawu: value of U for each type.
] pawu: value of J for each type.

On output:
Direct decomposition of LDA+U correction to energy.

Matrix of occupations.
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LDA+U

Application to 3 Cerium: a dhcp antiferromagnetic structure (8
atoms/cell).

Relaxation of forces and stress in LDA+U

We found the same volume per atom as for v Cerium to 0.3 %
(all are closed packed structure).

The antiferromagnetic ordering of the structure 1s described
correctly in contrast to GGA calculation.
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Wannier Function: an alternate localized basis

cen Main ingredient to compute Maximaly localised Wannier function:
- The overlap:

MR = ([t g b)

Easy in a plane waves framework. Extension to Ultra Soft
pseudopotential has been developped by Ferretti et al
(cond-mat/0603256). Implementation of this framework in PAW 1n
progress:

M¥P = (T [tesb.n) + Z Q \Ijk,m‘ﬁli> <5Ij\{17k+b,m> :

1,17

where we have defined Q;;(b) = [ dr Q/.(r) e,
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Conclusion

An implementation of LDA+U inside spheres.
Tests on N1O and Ce.
Comparison with FLAPW spectra, and with other PAW code.

Relaxation of a complex cell (5 Ce) gives physical results. The
magnetic ordering 1s correctly described.

Wannier functions are an alternate basis for electronic structure
calculations.
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