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SICSIC--LSD Overview  LSD Overview  
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• Formalism and Implementation 
within LMTO-ASA

• Selected Applications
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W. M. W. M. TemmermanTemmerman & Z. Szotek (& Z. Szotek (DLDL))
H. Winter (H. Winter (KarlsruheKarlsruhe))
A.A. SvaneSvane ((AarhusAarhus))
P. Strange (P. Strange (KeeleKeele))
L. Petit, T. L. Petit, T. SchulthessSchulthess, G.M. Stocks (, G.M. Stocks (ORNLORNL))
D. KD. Köödderitzschdderitzsch & W. & W. HergertHergert ((HalleHalle))
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Density Functional Theory
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � Motivation for  SIC: LSD for  La2CuO4
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DFTDFT
propertyproperty

OrbitalOrbital--
dependentdependent
functionalfunctional

InherentInherent
to LSDto LSD
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DefinesDefines
EExcxc

SICSIC--LSDLSD

DefinesDefines
KohnKohn--ShamSham
SICSIC--LSDLSD

s

s

s
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GeneralizedGeneralized
EigenvalueEigenvalue
ProblemProblem
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LocalizationLocalization
CriterionCriterion

StationarityStationarity
RequirementRequirement

??

??
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((A. A. SvaneSvane))
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_____________________________________________
_____________________________________________
________________________________________
_________________________

HH00 = H= HLSDLSD;

__
______________________________________
________________________________________
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Global energy minimum determines ground state configurationGlobal energy minimum determines ground state configuration

NNvalencevalence = Z = Z -- NNcorecore--NNSIC(LOC)SIC(LOC)

�  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

b
b

abaaaa ylyy �=+= )( SICLSD VHH

Implications of Orbital DependenceImplications of Orbital Dependence
in Solidsin Solids
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Repeated Transformations between Bloch Repeated Transformations between Bloch 
and and WannierWannier representationsrepresentations
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WannierWannier
functionsfunctions

____________________________________________________________________________________________________________________________
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � Transformation Matr ix
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1.)1.)

3.)3.)

2.)2.)
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � SIC-LSD vs. LDA+U: NiO

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

EELS Oxygen KEELS Oxygen K--edge Spectrumedge Spectrum
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Exchange constants in
meV for bulk NiO

• Include only nearest (J1) and next nearest neighbors (J2) in H
• J1,2:  Map energies E(m) onto H (m – magnetic configuration)

J1

J2

Quantitative descr iption of magnetic 
interactions in bulk NiO

[1] D. Ködderitzsch et al., JMMM 
240, 439 (2002);

[2] Oguchi, PRB 28, 6443 (1983);

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

NiONiO

FeOFeO

CoOCoO

CuOCuO

SIC-LSD: Application to TMOs

Z. Szotek et al., PRB 47, 4029 (1993).
x[100]

z[001]
y[010]
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TotalTotal

CuCu

Planar  OPlanar  OApex OApex O

LaLa

SIC-LSD Application to La2CuO4

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

SICSIC--LSD:LSD:
Gap = 2.1 Gap = 2.1 eVeV
M = 0.66 M = 0.66 �� BB

Experiment:Experiment:
Gap = 2.0 Gap = 2.0 eVeV
M = 0.40M = 0.40�� BB
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W.M.Temmerman, H. Winter, Z. Szotek and A. Svane, PRL 86 (2001) 2435.

Metal-Insulator  Transition in YBCO

•

••

Delocalization ofDelocalization of
planar Cu majority planar Cu majority 
dxdx22--yy22 orbital when orbital when 
going  from Ogoing  from O66 to Oto O77
compoundcompound
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Calculat i on :
m Fe =   3.71 � B  (3 .64 � B)

m Mo = – 0.43 � B (-0.36 � B )
m O1  =   0.11 � B
m O2 =   0.11 � B
m Sr =   0.02 � B
m t ot =  4.00 � B

XMCD exper im en t :
mFe =     3.05� 0.2 � B
mMo = – 0.32� 0.05 � B
m sat =   3.20� 0.1 � B

Fe3+

Fe2+

Fe4+

Fe5+

LSD

SrSr 22FeMoOFeMoO66 –– double perovskitedouble perovskite

Fe2+  (d6) Fe3+ (d5)

t2g

eg

S=2

t2g

eg

S=5/2

Conf igurat i ons: Fe 3+ and Fe 2+ on  al t ernat i ng 
(001) planes (Verwey  CO) 
al l oct ahedral  Fe’s t o be 3+
al l oct ahedral  Fe’s t o be 2+

Z. Szotek et al., Phys. Rev. 
B 68, 054415 (2003).

M. Besse et al., Europhys. Lett. 60, 608 (2002); Z. Szotek et al., PRB 68, 104411 (2003).

Study of Charge Order  in FeStudy of Charge Order  in Fe33OO44 (Fe 3+ [Fe 2+ Fe 3+ ]O4)

�

�
�

�

�

(A-si t es, 3+)
(B-si t es)

Calculated Gap (CO-phase):
Cubic:  ~ 0.35 eV, Monoclinic: ~ 0.10 eV
Exper iment:  0.14 eV

�

�
�

�

LSD

(3+, HM)

(2+, HM)

(CO, I )

TV = 122K

0.66 Fe2+ + 0.34 Fe3+

XMCD Valence:

Double Perovskites &  Magnetite



(Fe, Co, Ni)Fe(Fe, Co, Ni)Fe22OO44 in Inverse Spinel Structurein Inverse Spinel Structure
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��

Fe3+ (3d5 ) Fe3+ (3d5 )Fe2+ (3d6)

Tetrahedral OctahedralOctahedral

t2g

t2g

eg

eg

Inverse Spinel Inverse Spinel –– CO phaseCO phase
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Fe3+ (3d5 ) Fe3+ (3d5 )Co2+ (3d7 )

Tetrahedral OctahedralOctahedral

t2g

t2g

eg

eg

Inverse Spinel StructureInverse Spinel Structure
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Fe3+ (3d5 ) Fe3+ (3d5 )Ni2+ (3d8 )

Tetrahedral OctahedralOctahedral

t2g

t2g

eg

eg

Inverse Spinel StructureInverse Spinel Structure

� �� �

FeFe33OO44

CoFeCoFe22OO44

NiFeNiFe22OO44

Fer romagnetic insulatorFer romagnetic insulator

DOS(� , � F)=0.0 (st/eV f.u.)
DOS(� , � F)=0.0 (st/eV f.u.)
mtot             =    4 � B/f.u.
mFeA(3+)    = - 4.004 � B
mFeB1(2+)  =   3.566 � B
mFeB2(3+)  =   4.080 � B
Eex

cb =   1.6 eV (1.5 eV)

Fer romagnetic insulatorFer romagnetic insulator

DOS(� , � F)=0.0 (st/eV f.u.)
DOS(� , � F)=0.0 (st/eV f.u.)
mtot          =    3 � B/f.u.
mFeA(3+) = - 4.106 � B
mCo(2+)   =   2.582 � B
mFeB(3+) =   4.110 � B
Eex

cb =   1.3 eV (1.0 eV)

Fer romagnetic insulatorFer romagnetic insulator

DOS(� , � F)=0.0 (st/eV f.u.)
DOS(� , � F)=0.0 (st/eV f.u.)
mtot          =    2 � B/f.u.
mFeA(3+) = - 4.105 � B
mNi(2+)     =  1.572 � B
mFeB(3+) =   4.109 � B
Eex

cb =   1.2 eV (1.1 eV)
Lowest energy stateLowest energy state

Daresbury LaboratoryDaresbury Laboratory
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Fe2+ (3d6 ) Fe3+ (3d5 )Fe3+ (3d5 )

Tetrahedral OctahedralOctahedral

eg

eg

t2g

t2g

Normal Spinel StructureNormal Spinel Structure

(Fe, Co, Ni)Fe(Fe, Co, Ni)Fe22OO44 in Normal Spinel Structurein Normal Spinel Structure

��

� �� �
� � �� � �

� � �� � �
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Co2+ (3d7 ) Fe3+ (3d5 )Fe3+ (3d5 )

Tetrahedral OctahedralOctahedral

eg

eg

t2g

t2g

Normal Spinel StructureNormal Spinel StructureCoFeCoFe22OO44

FeFe33OO44

Fer romagnetic InsulatorFer romagnetic Insulator

DOS(� , � F)=0.0 (st/eV f.u.)
DOS(� , � F)=0.0(st/eV f.u.)
mtot              =    6 � B/f.u.
mFeA(2+)     = - 3.457 � B
mFeB1(3+)   =   4.085 � B
mFeB2(3+)   =   4.085 � B
Eex

cb =   3.7 eV (4.1 eV)

Fer romagnetic InsulatorFer romagnetic Insulator

DOS(� , � F)=0.0 (st/eV fu)
DOS(� , � F)=0.0(st/eV f.u.)
mtot             =   8 � B/f.u.
mNi(2+)       = - 1.649 � B
mFeB1(3+)  =   4.133 � B
mFeB2(3+)  =   4.133 � B
Eex

cb =   2.8 eV (2.9 eV)

Fer romagnetic Insulator  Fer romagnetic Insulator  

DOS(� , � F)=0.0 (st/eV f.u.)
DOS(� , � F )=0.0 (st/eV f.u.)
mtot              =    7  � B/f.u.
mCo(2+)       =  - 2.584 � B
mFeB1(3+)   =    4.128 � B
mFeB2(3+)   =    4.128 � B
Eex

cb =   3.9 eV (4.2 eV)

� �� �

Daresbury LaboratoryDaresbury Laboratory
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � SIC Application to Ce at T=0 K

A. A. SvaneSvane, PRL 72, 1248 (1994)., 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.

Strong dependence on the basis functions!

P= -1 kbar
� V= 24%
� E= 0.1 mRy

Unified Hamiltonian ApproachUnified Hamiltonian Approach Steepest Descent ApproachSteepest Descent Approach
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Contains 4 electrons

Contains 3 electrons

� - = E[4fn] – E[4fn-1]=2 eV

� - = (� occ)4f
n + (� -)relaxation

From � scf calculations:

(� -)relaxation = 6 eV
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 � 
! � 	 � � � ��" � #
$� � %� � 	 &� � ' � � � � �

Density of states and Density of states and quasipar ticlequasipar ticle
spectrumspectrum

( � 	 � �� �� � 
� �
� � � � � � 
� ) � � 
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � Splitting of the f-States Manifold
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Temmerman, Svane, Szotek and Winter , 
in Electronic Density Functional Theory: 
Recent Progress and New Directions, eds. 

Dobson, Vignaleand Das 
(Plenum, New York) 1998, p327.

Structural and Localisation Properties Structural and Localisation Properties 
of of CeCe MonopnictidesMonopnictides

All transitions are well descr ibed
within SIC-LSD approach.
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P. Strange, A. Svane, 
W.M. Temmerman, 

Z. Szotek and H. Winter, 
Nature 399, 756 (1999).

Tr ivalent
Tr ivalent

Divalent
Divalent

Total Energy DifferenceTotal Energy Difference Total Number of fTotal Number of f --ElectronsElectrons

Calculated vs. Exper imental Lattice ParameterCalculated vs. Exper imental Lattice Parameter Pressure vs. VolumePressure vs. Volume

Yb2+

Yb3+

ValenceValence is determined
by the number of 

localized f-electrons, 
but valence transitionsvalence transitions

are dr iven by
the number of

itinerant f-electrons

NNvalencyvalency = Z = Z -- NNcorecore--NNSIC(LOC)SIC(LOC)

� - RE metals
+ - RE sulphides

+ - RE sulphides
� - RE metals

� - RE sulphides
+ - exper iment+ - exper iment

� - RE metals

Rare Ear th &  their  Sulphides
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• Rare Earths: P. Strange, A. Svane, W.M. Temmerman, Z.Szotek and H. Winter , Nature 399 
(1999) 756.

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

4f- vs. 5f-Systems

divalent

tr ivalent
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� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � SICSIC--LSD Descr iption of  PuLSD Descr iption of  Pu

Pu (jj) SIC-LSD

100 150 200 250 300
 V (a.u.)

-0.14

-0.10

-0.06

(+6)

(+5)

(+4)

(+3)
(+7)-0.02

 E
 (R

y)

Vexp = 168 au
VLS = 218 au (+30%)

Vjj = 148 au (-12%)

L. Petit et al., Molecular  Physics Repor ts 38 (2003) 20 (cond-mat/0310729)
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 � �� �
� 	 � �	 � � � �	 � �� � � � � �� � 	 �� � � PuOPuO22�� xx from SICfrom SIC--LSDLSD

PuO2+x (x=0.25)

PuO2+x

PuO2 Pu4+

Pu4+ in PuO2, 
Pu5+ in PuO2.25, 

and Pu3+ in 
PuO1.75

At T=0K PuO2
is stable and 

it is an insulator

While PuO2±x 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 Repor ts 38, 20 (2003).

J.M. Haschke et al., Science 287, 285 (2000).
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-4

-3

-2

-1

0

1

2

3

4

-30 -20 -10 0 10 20 30

-8 -4 0 4 8

GaN:Mn( d 4 )

en
er

gy
 (

eV
)

-30 -20 -10 0 10 20 30

-8 -4 0 4 8

GaP:Mn( d 4 )

-30 -20 -10 0 10 20 30

-8 -4 0 4 8

GaAs:Mn( d 4 )

-4

-3

-2

-1

0

1

2

3

4

-30 -20 -10 0 10 20 30

-8 -4 0 4 8

GaAs:Mn( d 5 )

MMMnMn = 3.89 = 3.89 �� BB MMMnMn = 3.62 = 3.62 �� BB
MMMnMn = 4.47 = 4.47 �� BB

DMS: DMS: SubstitutionalSubstitutional MnMn Impur ities Impur ities 
in in Ga(N,P,AsGa(N,P,As) Semiconductors) Semiconductors

divalent

tr ivalent

•• Mn Mn inin GaN:GaN: NNSICSIC=4=4 ((MnMn3+3+)) Localized “ deep”  impur ity stateLocalized “ deep”  impur ity state
•• Mn Mn inin GaP:GaP: NNSICSIC=4=4 ((MnMn3+3+)) (agrees with exper iment: Kreissl, PRB 1996agrees with exper iment: Kreissl, PRB 1996)
•• Mn Mn inin GaAs:       GaAs:       NNSICSIC=5=5 ((MnMn2+2+)       )       Delocalized “ shallow”  spinDelocalized “ shallow”  spin--polar ized acceptorpolar ized acceptor

Ga(Mn)As Ga(Mn)P Ga(Mn)N

NNvalencevalence = Z = Z -- NNcorecore--NNSIC(LOC)SIC(LOC)

T. Schulthess et al., submitted 2005.

4.284.28 Mn-dd in ASA 4.624.62 Mn-dd in ASA4.524.52 Mn-dd in ASA As-pp holes

Ga: 3d104s24p1

Mn: 3d54s2
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Spin Splitting of Valence BandSpin Splitting of Valence Band

Energy (eV)Energy (eV)
[1] Okabayashi et al. Phys. Rev. B 58 R4211 (1998).

NN00=4/a=4/a33

�� �� ––JJpdpd

JJpd pd = ( = ( �� aa33 /  4 S x ) /  4 S x ) •• 552.6552.6 [[meVmeV nmnm33]]

NN0 0 �� = = –– ((�� / S x) / S x) •• 552.6 [552.6 [meVmeV]]

S = 5/2S = 5/2 for dd55 S = 2S = 2 for dd44x = ¼, x = ¼, 1/16, 1/321/16, 1/32

-1.2� 0.2 [1]54.1� 9.0 [1]
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� = g � B h h = S  x  N0 Jpd
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____  Total____  Total ____  Mn-d ____  N-p - . - . – EF w.r.t. VBMy=0y=0--2/162/16

L. Petit et al., condL. Petit et al., cond--mat/0410628mat/0410628.Daresbury LaboratoryDaresbury Laboratory

DOS of ZnDOS of Zn15/1615/16MnMn1/161/16OO11--yyNNyy

[N]=[TM]

[N]>[TM]
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wherewhere v v = = valencevalence andand q = q = charge charge state of the TM      state of the TM      
impurity (charged or neutral)impurity (charged or neutral)

From SIC-LSD we calculate:
EEtottot(ZnO:TM(ZnO:TM2+2+, 0), 0) �  E�  Etottot(TM(TM2+2+)) ((no dno d’’s in the gaps in the gap))
EEtottot(ZnO:TM(ZnO:TM3+3+, 0), 0) �  E�  Etottot(TM(TM3+3+)) ((dd’’s in the gaps in the gap))
EEtottot(ZnO:TM(ZnO:TM3+3+, +) �  E, +) �  Etottot(ZnO:TM(ZnO:TM3+3+, 0), 0) – �� 00

(ZnO:TM(ZnO:TM2+2+, 0) , 0) �� (ZnO:TM(ZnO:TM3+3+, +), +) + e+ e--

Delocalization process in ZnO:TM::

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

		 ff(ZnO:TM(ZnO:TMvv, q) = 	, q) = 	 tottot(ZnO:TM(ZnO:TMvv, q) , q) + q+ q�� FF

C.G. Van de Walle and J. Neugebauer, J. Appl. Phys. 95, 3851 (20C.G. Van de Walle and J. Neugebauer, J. Appl. Phys. 95, 3851 (2004).04).
D.A. Bonnell et al., J. Vac. Sci. Technol. B 9(2), 551 (1991);  D.A. Bonnell et al., J. Vac. Sci. Technol. B 9(2), 551 (1991);  O. Madelung, Semiconductors: Data O. Madelung, Semiconductors: Data 
Handbook (SpringerHandbook (Springer--Verlag, Berlin 2004).Verlag, Berlin 2004).

FormationFormation
energyenergyEEff(ZnO:TM(ZnO:TMvv, q) = E, q) = Etottot(ZnO:TM(ZnO:TMvv, q) , q) –– EEtottot(ZnO) + (ZnO) + �� ZnZn –– �� TMTM +q+q�� FF

L. Petit et al., condL. Petit et al., cond--mat/0410628.mat/0410628.

The TM Donor Level (+/0)The TM Donor Level (+/0)
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