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First-principles study

hréd o 1, 4 1
Schrodinger eq. =—— A, . e
2 Ir =R, | |r - | a: atoms, |,j: electorns

Hartree-Fock eq. Assuming ¥ =|¢.0,...0 | min<LP|H |LP>

One body problem . S\
Ly Za  OW TG
2 |I’—Ra| |I’ _rjl |r_rj|

Hartree Fock term

E=T+E . +E.=T+E,  +E, +E;

Correlation energy, E

E.,=T+E . +E.=T+E . +E, +E, + E.

Koopmans’ theorem eN = E,—Ey.y=-I

Eumo = Ena— En



Density functional theory (1)

1 Z r | )( ] : :
One body problem LAl a p(r;) B )] v V=gl
¥ =161,y | 2 r=RIr=nl e =n
Local density approximation (LDA)
Non local exchange term —M - local exchange term Vx(p(ri))
T - | (Slater approximation)

from uniform electron gas (HF)

Ve S local correlationterm V¢ (P(ri )

from uniform electron gas
(diffusion Monte Calro)

LDA (Kohn-Sham) 1 Z, p(r;) AT

Hamiltonian _§A+ |r _Ra |+|r _rj |+V><(p(r ))+VC(p(r )) ">_‘9i">
= Vyc (p)

Total energy Etl(')tDA =T+E,+E,+ E;DA + E(IEDA

_ =LDA
=Eyc



Density Functional Theory (2)

For uniform electron gas (metal)

exact _ —LDA _ LDA
= =T+E, . +E, +Ex

ot ot

Janak’s theorem

o _,
of,

Orbiral occupancy: f

...&, #quasiparticle energy

any physical meanings? (later)



Density Functional Theory (3)

Simple, conventionally O(N3)
widely used
g~quasiparticle energy

Success in many cases

Drawbacks: A Smaller band gap

g~quasiparticle energy: wider in d, smaller in s,p
Strongly correlated systems, Mott insulators
some cases, e.g., van der Waals interaction

X X P>

Accurate?



Transferability

LDA: E DA — Eoect Exact for uniform electron gas

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

But LDA or GGA fails in some cases...

~ t .
Other approaches (hybrid functional): E=~E™ Exact for a training set

Many forms of E, and E. are proposed. E.g., VWN,PBE,LYP....
_ o B
Exe =D a,Ex +> b,E.
o B

transferability [a kind of molecules—> similar/other molecules]
E.g., B3LYP(general), M06,M08(biological systems),...
Zhenget al., J. Chem Theor. Comput. 5, 808 (2009).

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



Orbital energy of hybrid functions?

+ Ve
2 r =R [r—r]

1A+ Z, p(rj) 4 yB3LYP ‘i>=8i‘i>

Orbital energy, g, of hybrid functional ~ quasiparticle energy?



DFT methods

Pseudopotential All electron

(effective core potential)
4\

NV z

Potential basis set: Planewave W) =|T0+ 2 (I6)—1d))BIT,)

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

Matrix dimension T



DFT methods (2), PMT

All electron All electron

Smooth tail -> efficient planewave expansion  +smoothed Hankel -> efficient expansion

Kotani,Schilfgaarde, PRB 81,125117 (2010)
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# of PW basis set: |, Crystal: 1/4, Molecules: 1/10)
Computational cost (N3): crystal: 1/64, Molecules 1/1000

Kotani,Schilfgaarde, PRB 81,125117 (2010)



Mathematical footing:
Smoothed Hankel function

(A+e)h(ae;r)=—-4ng (a,r)
g (ar)=Ce?"r

h.(r-R) ~Za1.|g|(r)

(kIh(a¢))

Bott, J. Math. Phys. 39, 33943 (1998).
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GW

LDA

A n(r'

___I_VnUC_I_J‘dr ( ) LDA(n(r)) wlL_nDA DAW LDA
2 lr—r’ |

GW e+ (K2 (e9") - Vi | kn) —> 2"

|
(ﬁS (CD(/7+ TQRQ“’) TQ“’)

LDA

E > made of gkLnDA l;”kn /\/ VH (q)

Comment: based on DFT, Coulomb interaction Unn #Unyn



QSGW

A CN(r') i) _ ), @)
ﬁ |:—E+Vnuc+jdr |r_r||+vxc(n(r)):|Wkn =S¥

(I) (i) ¢ ~ (14D (i) (i+1)
sce en (k208 ) — i [kn) - &,

N 2 (@) - Vi

(Ignore imaginary part during SCF)

AViw) = H(w) — H"

Min. M[l,r-:ﬁ'] L Tr[_"ni”ﬁ*w — HEI]{jU}f]

LT i f 1- —_— I:'I s 7
AV dlw —HOAVE o\ ieonarde et al., PRL96, 226402 (2006).



Theor. Band gap (eV)

Band gap

pseudopotential >
15 : ‘ 2
1 ©
Quasiparticle theory (GW) %0
c
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Many-body corrections LiF
CE;T
5 i ~ —
: >
M0 R q)
(LDA) Mean-fi Q.
D/ ~field =
A= 1]_11_mr3r QD
Gaslk, 5§, Inf _8
b, Cdbe, CATE OP )
0 oA AR ZnTe. Inte c.an, | IS
1 i L.
0 5 10 S
1 2
Expr. Band gap (eV) <

Hedin, J. Phys. Condens.Matter 11, R489

(1999).

Schilfgaarde et al., PRL96, 226402 (2006).
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SrMO; and LaMnO,
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Fig. 1. Zaanen—Sawatzky—Allen I'—A plot for transition-matal exides incloding Ti and W oxides, deduced from cluster-mode] analyses of
the ransition-metal 2p core level photoemizsion spectra [3]. Here, U, and A, are “effective” U7 and A in which multiplet affects of the d
ions are incorpoated, and T is an effective p—d transfer integral which takes into account the d orbiml degeneracy.

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



La, Sr,MnO,=LSMO

T T T T J
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FIG. 11. UPS and O ls XAS spectra near the Fermi level.
The O 1s XAS spectra are references to the O ls binding ener-
gies. The difference spectra relative to x =0.9 are also shown.
Starting from SrMnO;, the intensity of the e,; emission in the
UPS spectra gradually increases with decreasing x.

Photoemission c O 15 XAS
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Saitoh et al., PRB51, 13942 (1995).



La, Sr,MnQO,?

Strongly correlated systems
~ near charge transfer type Mott insulator

Why DFT?
good description of phase diagram, spin wave



Expr. phase diagram
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La, ,Sr,MnO;~ La; ,Ca,MnO, Okimoto et al.,PRB 55, 4206 (1997).



Summary of XPS, ARPES and ...

LDA, GGA: Mn 3d, not good

LDA+U: good
unoccup. Mn3d 1%, occup Mn3d {,



Lai=xBaxMnCz x=0.3

PRY

i/'y

eV
L=

t"?u_
=
R

—10 -I.I.I.I._:I.I.I.I- alelalaly

0
w0
=

=T

|

WA

L
=

T\ 1

= I

N
NI
>
T

-

="
——1
-
l 1

_1|:|X|I|| L ;I-_llllllllillllthlIlIlRll

—
ko

| #2971 -bottom at [

X
el-bottomat X of [ e
t2gl-topat B oOf 7 i e
-1 F - E;_ FIE _.;__,.-""-
= T o - >
Lk} P T by —— ,-"’:
= = et e
2 F }H ml __:=_
B - -
Pl | ’-::_,_f"/

1 rO2p-opat B+

012pl-top at E m

LSMO

minority

LDA, GW DOS

majority

A\

M

?hnr'nimiie dral x=0.3
Tﬂtfj_lj
10 8

PASY L DA

g

1
4 20 2 4

eV

FIG. 2:

108 4 20 2
eV

(color online) Density of states in QSGW (black
solid line) and LDVA(red dotted line) for a=3.934A. 4f band

in JSGW is above the plotted region here in QSGW.



FM Spin wave (expr.)

5{] : T T T T
Phonons in LCMO Magnons
40 + @ [2.23+E] - + O |PSMO - 80
* (1145 v |NSMO
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FIG. 2. Open symbols show magnon dispersions along the
[0,0.£] and [ £ £.0] directions for ~30% manganites PSMO (open
squares), LCMO (open circles), and NSMO (open down triangles)
at 10 K. The data for PSMO are from Ref. 13. The solid line 1s a fit
to a nearest-neighbor Hanultonian assuming 1sotropic spin waves
for £<0.1. Full symbols show selected LO phonon modes collected
along the reciprocal-lattice directions as specified in the legend. The
rapid decrease of the manganese magnetic form factor at these large

wave vectors ensure that the scattering stem mostly from the lattice Dai et al. , PRB 61, 9553(2000)
vibrations (phonons).



FM Spin wave (LDA,theory)
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Solovyev and Terakura, ed. Singh and
Papaconstantopoulos, “Electronic Structure and
Magnetism of Complex Materials”, Springer
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Figure 4. Spin-wave dispersion along T—X, '-M and 'R lines for a = 3.934 A. Negative energy means the unstable modes. We also

FM Spinwave (LDA vs GW)

SW dispersion for La;_,Ba,MnO 2a=3934
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in the cubic case, where R/2 = (0.25, 0.25, 0.25) in the cubic structure is on the BZ boundary of the rhombohedral structure.



Problems of DFT,GW

Strongly correlated systems
Van der Waals - DFT

Accuracy?
model potential
~onebody approximation
compare with expr.



Correlated wavefunction

Many body wavefunction

¥ (X) =D, (R)D,"(R)

How to improve?

¥ (X)=e’*D(R)D(R)

J(X): Jastrow factor
N !

J(X)=> x(x;)—
=1

-

I
7

A
\ > |XJ-XI|




Ground state of Hamiltonian

lim (Rlexpl — 7(H — E 1) ]| Pypie)

r— 00

[
= lim J G(R—R'.71P (| R"JdR’

T—s 00

= limE{ U A(R)expl —7(E,— E;) | (W, |d0)

T

= lim 1If1]{ R E‘}:]Jl_ — 7l E;} X ET:IJ {”rﬂ{h ]'I'IJ'L}‘

T— 00

Monte Calro algorism

Imaginary time schédinger equation (it —t)

— 3 D(R.t)=(H—E7)D(R.1)

— diffusion Monte Carlo



Diffusion Monte Carlo (DMC)

CCSD(T): Finite number of basis set
basis set dependence 4
N5,N6
DMC:
ngsbaSiS set dependence Infinite number of basis set
N .
.‘“.‘. _ Wavefunction: P({r;})
at S
N *0
" oo
‘!! >

Eyvc >90%



Diffusion Monte Carlo (2)

Accurate
no expr.

But
x1000 (computation time)



(MnO), clusters

Becke exchange+PW91 correlation

u
o, 165 Sold |
d—0 256N [ 5y
(a) =1 _:' T[
b
ic)
O—0—P—oc ) (—
"3"]/ J‘E.ZH il j! o
[ . '
L T .-'.... .: '_r _{ # :_ i 1.86
(d) e}
Assuming ferro

Nayak, Jena, PRL 81, 2970 (1998).
JACS 121,644 (1999).



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

Assuming ferromagnetic spin alignment

184 228

T T J T

(d)

around state (New structure)

LSDA,PBE 25z+1=6
B3LYP,DMC 2Sz+1=6 11 16 21



(MnO) : Binding energy

Theoretical binding energies per n

10
8 .
_ - _ | |LSDA circle
s 6 | |m PBE
S | lOB3LYP
2 | |EDMC
O | | | |
— N ™ o) o i
L L L o = =
< < ©
Y b <

n
n
n=

DMC: B3LYP structure

Atomization energy: LSDA>>PBE>DMC>B3LYP
Spin moment: wrong in LSDA and PBE ladder



First-principles theories

DFT: powerful
but correctness?

DFT,

Post HF theories. e Hybrid function

QMC Effective

Potential
VXC
H LDA
" D
\\\\\\/////Mpz GGA ,B3LYP

\/éSD,DMC

Qualitative difference




