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Density Functional Theory
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L SD Approximation
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Motivation for SIC: LSD for La,CuO,
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SIC-LSD (PZ 1981)
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SIC in Kohn-Sham For mulation
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Minimization of SIC Functional

Generalized
Eigenvalue
Problem
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L ocalization Criterion

Localization
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Stationarity
Requirement
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Steepest Descent M ethod

(A. Svane)
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Steepest Descent M ethod — Cont.
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Unified Hamiltonian

Hy = HL®
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| mplications of Orbital Dependence
In Solids

Haya — (H LSD +VaS|C))/a — /abyb VaSIO=_2 na (r) dgl‘f—V;.;,Saz(ﬁa(r))

r —r'|
b

| |

Orbital dependent potential differentiates between localised
and delocalised electrons

Gain in band formation vs. gain in localization (SIC energy)

Study of various localisation/delocalisation configurations

! |

Nyatence = Z = NeoreNsic ooy Repeated Transf(_)rmations betvv_een Bloch
and Wannier representations

Global energy minimum determines ground state configuration
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k-Space and Wannier Functions

Wannier
functions
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Unified Hamiltonian in k-Space
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Transformation M atrix

1)

2)

3)
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L DA + U
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NiO: SIC-LSD vs. LDA+U
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SIC-LSD vs. LDA+U: NIO

EEL S Oxygen K-edge Spectrum

S. L. Dudarev et d., phys. stat. sol. (b) 166, 429 (1998).



Quantitative description of magnetic
Interactionsin bulk NiO

[001]
Heisenberg — Hamiltonian [010] B
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=
gy oy J oo @ @ @f_._
MFT, SBMFT L RPA O—e@—-() |,
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N | ’! 180°superexchange
Magnon spectra . ® O ® \“\ /fj
[1] D. Kédderitzsch et al., IMMM
Exchange constants in SIC‘LSD[l] LSD[2] EXP-[?’] 240,043962;555); o
meV for bulk NiO J7 1.8 5.3 0.7 | |
ng 11 106 9.5 [2] Oguchi, PRB 28, 6443 (1983);

[3] Hutchings, PRB 6, 3447 (1972).

* Include only nearest (J,) and next nearest neighbors (J,) in H
« J;,: Map energies EM onto H (m— magnetic configuration)



SIC-L SD: Application to TMOs

MnO FeO

CoO NiO

CuO

Z. Szotek et al., PRB 47, 4029 (1993).




SIC-L SD Application to La,CuO,

Total Cu

Apex O Planar O

SIC-LSD:
Gap=2.1eV
M =066 La

Experiment:
Gap=20¢eV
M =040 g

W.M. Temmerman et a., PRB 47, 11533 (1993).



Metal-lnsulator Transitionin YBCO

Delocalization of

planar Cu majority

dx2-y2 orbital when

going from Oz to O,

compound ®

W.M.Temmerman, H. Winter, Z. Szotek and A. Svane, PRL 86 (2001) 2435.
e



Double Perovskites & Magnetite

Sr,FeM oO, — double perovskite :
Calculation:
me., = 3.71 ; (3.64 p)
LSD
m,,=—-0.43 ;(-0.36 )
Fe>* Mo, = 0.11 4
Ee2+ mgy, = 0.11 ,
Fe** mg, = 0.02 B
XMCD Valence: /+ M = 4.00 4
EBIFEE LD [R5 ke XMCD experiment:
Mg = 30502 4
M. Besse et al., Europhys. Lett. 60, 608 (2002); Z. Szotek et al., PRB 68, 104411 (2003). My, =—0.32 0.05 5
m,, = 3.20 0.1 4
Study of Charge Order in Fe,0, (Fe® [Fe?" Fe3']0,)
Fe* () Fe?* (F)
T, = 122K
4 A LSD
eg | [ eg
t T T 2+, HM)
29 — | t2g
v (A-s@tes, 3+) -~
S=2 S=5/2 (B-sites) e ) (Co, N
Configurations: Fe 3" and Fe 2* on alternating
(001) planes (Verwey CO)
all octahedral Fe's to be 3+ Calculated Gap (CO-phase): Z. Szotek et al., Phys. Rev.
all octahedral Fe’s to be 2+ Cubic: ~0.35eV, Monodlinic; ~0.10ev | B 68, 054415 (2003).




(Fe, Co, Ni)Fe,O, In Inverse Spinel Structure

Fe;0, Inverse Spinel — CO phase Ferromagnetic insulator
Fe’ (3d°) Fe?" (3d°) Fe™ (3d°) DOS( , F)=0.0 (st/eV f.u.)
& | | | | | | DOS( , F)=0.0 (st/eV f.u.)
oy | | | | Mgt i 4 Glf.u.
Meeagsy =-4.004 5
T Meny = 3566 ¢
L, [ I e T s s en)

Tetrahedral Octahedral Octahedral

. Ferr netic insulator
CoFe,0, Inverse Spinel Structure erromagnetic insulato

Fe** (3d°) Co™ (3d") Fe** (3d°) DOS( , F)=0.0(st/eV f.u.)

e | | | | | | DOS( , F)=0.0(st/eV f.u.)
L, [ 1] Mo = 3 ot
Meeaan = - 4106 g
, NN I Mooy = 2582 ¢

v, [ I e s woen)

Tetrahedral Octahedral Octahedral

NiFe,0, Inverse Spinel Structure Ferromagnetic insulator

Fe** (3d°) Ni* (3d®) Fe** (3d°) DOS( , F)=0.0 (st/eV f.u.)

e | | | | | | DOS( , F)=0.0 (st/eV f.u.)
m = 2 gffu.

t tot B

o L | ] Meapan = - 4105 ¢
e, [N N N My@s = 1572 4

ty I N E.® = 12eV (LleV)
Tetrahedral Octahedral Octahedral Lowest energy state
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(Fe, Co, Ni)Fe,O, in Normal Spinel Structure

Ferromagnetic | nsulator

Fe;0,  Normal Spinel Structure

Fe?* (3d°) Fe¥* (3d5) Fe? (3d°) DOS( , £)=0.0 (st/eV f.u.)
t | || | | DOS( , ()=00(st/eV f.u.)
“ m, = 6 gfu.
& | | | | | | Meeay =- 3457 g
- - m = 4.085
t - FeB1(3+) B
“ Mecgoen = 4085 4
e, [N NN N E.> = 37eV(41lev)

Tetrahedral Octahedral Octahedral

CoFe,0, Normal Spinel Structure Ferromagnetic Insulator

Co** (3d") Fe** (3d°) Fe** (3d°) DOS( , £)=0.0 (st/eV f.u.)

tyy | | | | | | DOS( , F):%o (s%er.u.)
m = U.

e | | | | | | o T B
Mooy = - 2584 ¢

by (N N Meegrasy = 4128 ¢

& N D E & 2 396V (426V)

Tetrahedral Octahedral Octahedral

Ferromagnetic | nsulator

DOS( , [)=0.0 (st/eV fu)
DOS( , [)=0.0(st/eV f.u.)

Mgt = 8 g/fu.
My =-1649 g
Meeiay = 4133 g

Meegzn = 4133 5
E,> = 28eV (29¢eV)
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SIC Applicationto Ceat T=0K

Unified Hamiltonian Approach Steepest Descent Approach

P=-1 kbar
V=24%
E=0.1 mRy

Strong dependence on the basis functions! A. Svane, PRL 72, 1248 (1994).

W.M. Temmerman et al., in Lecture Notes in Physics on “Electronic Structure and Physical
Properties of Solids: The Uses of the LMTO Method”, Ed. Hugues Dreysse, Springer 2000.



Density of states and quasiparticle
spectrum

Contains 3 electron

! "H#HS % &

_= E[4f"] — E[4f"1]=2 eV
= ( occ)4fn + ( _)relaxation
From ,calculations:

( _)relaxation = 6eV




Splitting of the f-States M anifold




Structural and Localisation Properties
of Ce Monopnictides

All transitions are well described
within SIC-L SD appr oach.

Temmerman, Svane, Szotek and Winter,
in Electronic Density Functional Theory:
Recent Progress and New Directions, eds.
Dobson, Vignale and Das

(Plenum, New York) 1998, p327.




Rare Earth & their Sulphides

Total Energy Difference Total Number of f-Electrons (Valenceis determined )

by the number of
T;évj;e;‘i localized f-electrons,

+ - RE sulphides but valence transitions
aredriven by

the number of

\_ itiner ant f-electrons/

Divalent
P. Strange, A. Svane,
W.M. Temmerman,
Z. Szotek and H. Winter,
Calculated vs. Experimental L attice Parameter Pressurevs. Volume
Y b?*
Y b3+
R E5aiRle




4f- vs. 5f-Systems

trivalent

divalent

 RareEarths: P. Strange, A. Svane, W.M. Temmer man, Z.Szotek and H. Winter, Nature 399
(1999) 756.

e Actinides: L. Petit, A. Svane, W.M. Temmerman and Z. Szotek, Solid State Communications
116 (2000) 379.



SIC-L SD Description of Pu
Pu (jj) SIC-LSD

-0.02

= -0.06
e
L
-0.10
-0.14
100 150 200 250 300
V (a.u.)

L. Petit et al | M olecular Phisics Rﬁorts 38 i2003‘ 20 icond-mat/0310729‘



PuO, , from SIC-LSD

PuoO,.,

Pu4*in PuO,,
Pus*in PUO, ,
and Pu3*in
I3UC)1.75

At T=0K PuO,
is stable and PuO, Pu4*
it is an insulator

PUOzx (X=0.29) While PuO,,, seems well
described with SIC-LSD, for -Pu
dynamical valence and spin
fluctuations have to be

considered.

L. Petit et al., Science 301, 498 (2003).
L. Petit et al., Molecular Physics Reports 38, 20 (2003).

J.M. Haschke et al., Science 287, 285 (2000).




T. Schulthess et al., submitted 2005.

divalent

trivalent

4

Ga 30%4s4pt |

Mn: 3d°4s?
2

energy (eV)
o -

'
[y

I\Ivalence =7 - |\Icore_NSI C(LOC)

e« Mnin GaN:
e Mnin GaP:
e« Mnin GaAs:

M, = 4.47 4

Ng =4
Ng =4
Ngc=5

Ga(Mn)As

(Mn®)
(Mn®)
(Mn?)

DMS: Substitutional Mn Impurities
In Ga(N,P,As) Semiconductors

GaN:Mn( d%) GaP:Mn(  d*) GaAsMn(  d?) GaAsMn(  d°)
8 -4

-3 -20 -10 0 10 20 30 -3 -20 -100 0O 10 20 30 -3 -2 -10 0 10 20 30 -30 -2 -10 0 10 20 30

428 Mn-d in ASA 452 Mn-d in ASA 4.62 Mn-d in ASA As-p holes

Localized “deep” impurity state
(agreeswith experiment: Kreissl, PRB 1996)
Delocalized “ shallow” spin-polarized acceptor

M, = 3.89 M,,, = 3.62 |

Ga(Mn)P Ga(Mn)N



p-d Exchange

=g 4h h=Sx NyJ N =4/a’ Spin Splitting of Valence Band
P

Jpa=( @/ 4Sx)+552.6 [meVnm?

_de No =—( /SX)e*552.6 [ meV]
X =¥, 1/16, 1/32 S=5/2 ford®> S=2 for d*
_ Energy (eV)
[1] Okabayashi et al. Phys. Rev. B 58 R4211 (1998).
System X de Sde N,
Latt. Const. (eV) (meV nm?3) (meV nm?) (eV)
1/4 157 40 80 -1.82
GaN (d%)
4.45 R 1/16 0.55 55 110 -2.50
1/32 0.27 55 110 -2.50
1/4 1.48 66 132 -1.63
GaP (d%)
545 A 1/16 0.45 81l 162 -2.00
1/32 0.23 82 164 -2.03
1/4 0.69 27 68 -0.60
GaAs (d°
565 A 1/16 0.43 68 170 -1.51
1/32 0.21 67 166 -1.49
Experiment 54.1 9.0 [1] 1.2 0.2[1]
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DOSof Zn,g,sMNy,160, N,

[N]=[TM]
[N]>[TM]
y=0-2/16 Total Mn-d N-p - -.—E. wurt. VBM
Daresbury Laboratory L. Petit et al., cond-mat/0410628.



TheTM Donor Level (+/0)

E(ZnO:TMV, q) = E,,,(ZnO:TM", q) — E,,((ZnO) + ,,— v 0 ¢ Formation

n energy

where v = valence and q = charge state of the TM |
impurity (charged or neutral) L. Petit et al., cond-mat/0410628.

(ZnO:TMY, q) = ((ZnO:TMY, q) + q ¢

From SIC-LSD we calculate:
Eoi(ZNnO:TM?*,0) E,(TM?*) (no d’s in the gap)
Eioi(ZnO:TM3*,0) E,,(TM3*) (d’s in the gap)
Eioi(ZNO:TM3*, +)  E,((ZNO:TM3*, 0) —

Delocalization process in ZnO:TM:
(ZnO:TM?*,0)  (ZnO:TM3*, +) + e

can be interpreted as transformation from neutral to charged impurity, resulting in a
deep donor level (0/+) in the gap (in agreement with experiments).

C.G. Van de Walle and J. Neugebauer, J. Appl. Phys. 95, 3851 (2004).
D.A. Bonnell et al., J. Vac. Sci. Technol. B 9(2), 551 (1991); O. Madelung, Semiconductors: Data

Handbook (Springer-Verlag, Berlin 2004).
|



Conclusions
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