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First-principles study
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Hartree-Fock eq.

Schrödinger eq.

Hartree Fock term
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Density functional theory (1)
iiv

rr
jj

rr

r

Rr
Z

iC
jj

j

a

a 

























||||

)(

||2
1

))(( iX rv 
|| jrr

jj


 →Non local exchange term local exchange term
(Slater approximation)

from uniform electron gas (HF)
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Local density approximation (LDA)
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One body problem

from uniform electron gas
(diffusion Monte Calro)
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Density Functional Theory (2)

Janak’s theorem
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Orbiral occupancy: fi

...ei , quasiparticle energy

any physical meanings? (later)

For uniform electron gas (metal)
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Density Functional Theory (3)
Simple, conventionally O(N3)
widely used
ei~quasiparticle energy

Success in many cases

Drawbacks: ∆ Smaller band gap
∆ ei~quasiparticle energy: wider in d, smaller in s,p
X Strongly correlated systems, Mott insulators
X some cases, e.g., van der Waals interaction

Accurate?



Transferability
LDA: exactLDA EE  Exact for uniform electron gas

And expect accurate description for other systems
transferability [uniform electron gas (metal) → molecules, crystals]

Many forms of EX and EC are proposed. E.g., VWN,PBE,LYP,…

Other approaches (hybrid functional):
exactEE  Exact for a training set
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transferability [a kind of molecules→ similar/other molecules]

E.g., B3LYP(general), M06,M08(biological systems),…

But LDA or GGA fails in some cases…

Transferability: OK
Superficially correct potential curves also for van der Waals interactions

Zheng et al., J. Chem Theor. Comput. 5, 808 (2009).



Orbital energy of hybrid functions?
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Orbital energy, ei, of hybrid functional ~ quasiparticle energy?



DFT methods
All electronPseudopotential

(effective core potential)

FLAPW: Soler, Williams, PRB40,1560(1989).
PAW: Kresse, PRB 59, 1758 (1999)

Potential basis set: Planewave
FFT

r
Z
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Matrix dimension ↑



DFT methods (2), PMT
All electron

r
Z
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Smooth tail -> efficient planewave expansion

All electron

r
Z
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+smoothed Hankel -> efficient expansion

Kotani ,Schilfgaarde, PRB 81,125117 (2010)



PMT

Nb = # of basis set

flapw
PMT

Kotani ,Schilfgaarde, PRB 81,125117 (2010)

# of PW basis set: ↓ Crystal: 1/4, Molecules: 1/10)
Computational cost (N3): crystal: 1/64, Molecules 1/1000



Mathematical footing:
Smoothed Hankel function
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Bott, J. Math. Phys. 39, 33943 (1998).
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Search: ecalj
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Comment: based on DFT, Coulomb interaction Unn Unn



QSGW
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Schilfgaarde et al., PRL96, 226402 (2006).

(Ignore imaginary part during SCF)

Min.

SCF



Band gap

Schilfgaarde et al., PRL96, 226402 (2006).

LDA
One shot GW

Hedin, J. Phys. Condens.Matter 11, R489
(1999).

pseudopotential

All electron

Expr. Band gap (eV)

Expr. Band gap (eV)
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SrMO3 and LaMnO3

D<U
Charge transfer type

Fujimori et al., J. Electron Spec. Related phenom. 117-118, 277 (2001).



La1-xSrxMnO3=LSMO

Saitoh et al., PRB 51, 13942 (1995).



La1-xSrxMnO3?

Strongly correlated systems
~ near charge transfer type Mott insulator

Why DFT?
good description of phase diagram, spin wave



Expr. phase diagram

Okimoto et al.,PRB 55, 4206 (1997).

x

La1-xSrxMnO3 ~ La1-xCaxMnO3



Summary of XPS, ARPES and …

LDA, GGA: Mn 3d, not good

LDA+U: good
unoccup. Mn3d ↑, occup Mn3d ↓



LSMO LDA, GW DOS

majorityminority



FM Spin wave (expr.)

Dai et al., PRB 61, 9553(2000).



FM Spin wave (LDA,theory)

Solovyev and Terakura, ed. Singh and
Papaconstantopoulos, “Electronic Structure and
Magnetism of Complex Materials”, Springer



FM Spinwave (LDA vs GW)

(cubic)

GW:
larger energy scale (>x2)
no zone boundary softening

LDA

GW



Problems of DFT,GW

Strongly correlated systems
Van der Waals - DFT
…

Accuracy?
model potential
~onebody approximation
compare with expr.



How to improve?
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J(X): Jastrow factor

Many body wavefunction



Imaginary time schödinger equation (itt)

Ground state of Hamiltonian

Monte Calro algorism

 diffusion Monte Carlo



Diffusion Monte Carlo (DMC)

Infinite number of basis set

Finite number of basis setCCSD(T):
basis set dependence
N5,N6

DMC:
no basis set dependence
N3.5

Wavefunction: P({ri})

EXC > 90%



Diffusion Monte Carlo (2)

Accurate
no expr.

But
x1000 (computation time)



(MnO)n clusters

Assuming ferro
Nayak, Jena, PRL 81, 2970 (1998).

JACS 121,644 (1999).

Becke exchange+PW91 correlation



(MnO)n cluster: result, n<=4

O

Mn

(New structure)

B3LYP,DMC 2Sz+1= 6 11 16 21

ground state

LSDA,PBE 2Sz+1= 6 9 14 19

Assuming ferromagnetic spin alignment



(MnO)n: Binding energy

Theoretical binding energies per n

DMC: B3LYP structure
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First-principles theories

HF

MP2

CCSD,DMC

E E
Effective
Potential
VXC

LDA

GGA B3LYP

Post HF theories.
QMC

DFT: powerful
but correctness?

Qualitative difference

DFT,
Hybrid function


